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Abstract 
Alun1inurn and magnes1un1 alloys are often considered as promising materials due 
to high strength/density ratio. In general., light alloys are very attractive structural n1aterials 
for applications where environn1ental protection or weight reduction play essential role. 
Therefore, tt ts of tnterest to tnvestigate mtcrostructure and its changes dunng plastic 
deformation because it helps to understand the nature of solute effect and processes taking 
place dunng plastic defonnatton The ain1 of th is work is to reveal n11crostructures, 
deformatton characteristtcs and n11cron1echantsn1s of plastic deforn1ation at different strain 
rates and temperatures in selected light alloys . Two con1mercially available alloys were 
used in this work : AZ31 rolled n1agnesium alloy and AA6082 extruded aluminiun1 alloy . 
These alloys were studied wtth the help of various exper1n1ental techntques such as tensile 
testtng., líght mícroscopy, electron backscatter diffraction (EBSD) and X-ray diffraction. 
Abstrakt 
Hliníkové a hořčíkové slitiny jsou považovány za vysoce perspektivní materiály, 
protože nabízeJÍ velmt dobrý poměr pevnosti k hustotě . Tyto lehké slitiny nalézají uplatnění 
především v aplikacích, kde je kladen důraz na ochranu žtvotního prostředí a nebo snížení 
hmotnosti Detailní studium jejich mikrostruktury a deformačního chování umožňuje 
pochoptt vhv příměsových atomů a procesů odehrávajících se při plasttcké deformaci, a 
vede k systematickému zlepšování vlastností. Cílem této práce je stanovit deformační 
chování a mikrostrukturu ve vybraných slitinách lehkých kovů a korelovat jejich vztah. Pro 
tento účel byly zvoleny dvě komerčně dostupné slittny: válcovaná hořčíková slitina AZ31 a 
protlačovaná hliníková slitina AA6082 . Výzkum byl prováděn s využitím experimentálních 
technik jakými jsou tahové testy při různých rychlostech a teplotách, optická mikroskopie, 
difrakce zpětně odražených elektronů a rentgenová difrakce . 
T able of content 
1. An overvie\v of the problen1atic .......................................................... 4 ••••••••••••••••••••••••••• 1 
1.1. Introductton to n1agnesiun1 and alun1it1iun1 alloys .. .... ....................... ................. ..... 1 
1. 1. 1. Histoncal pcrspcctivc ................................................................... .. ...................... 1 
1. 1.2. Advantages of tnagnesiutn and alun1iniun1 alloys ............................ ............ .... ... 2 
1 . 1 . 3 . Ma g n c s i u 111 a ll o ys .. ..................................................................... .............. ...... ... .. 2 
1.1.4. Alumit1IUm alloys .................................. .................. .......... ... ... .. .... ....... ....... .... .... . 5 
1. 1.5 . Crystallography and allotropy of tnagncsiun1 and alun1iniun1 ............................. 6 
1.2. Scientific issues of magnesium and altuniniurn alloys ................... ................. ... ...... 8 
1.2. 1 . N on-basal sl ip and duet i I i ty oť n1agncsturn ........................................... .......... .... X 
1.2.2. Twinníng ......................................................................................... ............... .. .. ll 
1.2.3. Forming capacttícs ............................................................................................. 15 
I . 2 . 4. Rec o ve ry a n d rec rys ta ll i za ti on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 6 
l . 2. 4. 1 . Rec· o ve 'A .... v. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 7 
1.2.4.2, Reci')'.S'fallization ........................................................................................ 19 
1.2.5. Superplasticity ........................................... ................... ... .. .......... ........ ........... .... 21 
20 Thcory of the plastic deformation ............................................................................... 25 
2.1 . Description of the stress-stra1n curves .................................................................... 25 
2.2. Hot working processes and crccp ........................................................................... 28 
2.2.1. Activatton energy .............................................................................. ................. 32 
2.2.2. Zenner-Hollomon parametcr .................................................................. .. .......... 33 
2.3. Work hardening ................................................. ..................... ...... .......................... 33 
2.3.1. Hardeníng duc to dislocatlons ............................................................................ 34 
2 .3.2. Hardentng dueto obstactes ................................................................................ 35 
2.3.3. Harden1ng duc to grain boundaries .................................................................... 36 
3 . O b j e c ti ve s o t· t h e t h es i s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 7 
4. Experimental methods .................................................................................................. 38 
4 .1 . Deformatton restíng ................................................................................................. 38 
4.2 . Heatit1g ................................................................................................................... .. 38 
4.3 . Elcctron backscattcr diffraction tcchniquc (EBSD) ................................................. 38 
4.4. Ligl1t microscope ............................................. ....................... .. ..... .......................... 38 
4.5. Spccin1cn prcparatton for n1ícroscopy obscrvation ....................... ,. ......................... 39 
4.6 . X-ray diffraction ............................................................................................ ........ .. 39 
4.7 . ValtiCS versus un1ts ........... ....................................................................................... 40 
5. Rcsults and thcir discussion ......................................................................................... 41 
5 .1 . AZ31 n1agnesiun1 alloy ..... ........... ........................................................................... 41 
5. I . 1. Con1position and propcrttcs ................................ ... ....................... .................... 41 
5.1.2. Characterisatíon of the as-received s truc ture .................................................... 41 
5.1.3 . Microstructurc cvolution during static anncaling ............................................. 43 
5.1.4 . Defonnation behaviour ..................................................................... ................ 49 
5 .1.4.1. lnjluence oj.Lhe te1nperalure on pla.,·ttc de_forn7alion ................................. 50 
5.1 .4.2 . lnfluence oťthe strain ra/e on fJlastic dejór1nation .................................... 51 
5.1 .4.3. Micron1echanzsms qfplastzc de.fórJnaLion al ambient ten1peratures .......... 53 
5 .1.4.4. Ductility at high ternperatures an(l supe1plastici(y ........ ...... ...................... 56 
5 .1.4.5 . Constitutive analysL'i at high te1nperatures .. ... ........................................... 61 
5.1.4.6. Dejorrnation energy' ........ .. ................. .. ... ..................... .... .. ... ..................... 63 
5.2 . AA6082 aluminium alloy ......................................................... .......... .................... 66 





Composition and propetiíes ... ............................................................................ 66 
Microstructure .................. .. ...... .. ..... .............................. ... ................................... 67 
Defonnat1on behaviour- a(E) curves ........................... .............. .... .................... 68 
Ductíl i ty and necking ........................................................................... ....... .. ... .. 71 
Stres s as a function of tempera ture and s tra in rate ..... ... .................... ................ 73 
6. Conclusions and perspectives ......................................................................................... 76 
6.1 . Conclusíons ................................................... ....... ....... ............... ..................... .... ..... 76 
6.2 . Perspectives ................................................... ..... .................................... .............. .... 77 
7 o References ·················································································································~···· 79 





































V cctor of hcxagonal latticc 
Ab initio pscudopotcntial calculations 




Body ccntrcd cubic 
V cctor of hcxagonal latttcc 
Constant 
Constant in GB difťusion 
Continuous DRX 
Solute concentration In ato1nic fract1ons 
Constant in lattice diffusíonal creep 











Electron backscatter dift}·actlon 
Equal channel angular extruston 
Stratn rate 
Farce acting on the specimen 
2<P is the angle between K, and K2 (or K, and K 2 ) 
Close packed face centred cubíc 
Fu ll width in half of maximum 
Shear modulus 
Gratn Boundary 
Grain boundary sliding 
Generalized pseudopotentíal theory 
Shear direction (Conjugate directlon) 
Htgh Angle Boundary 
Close packed hexagonal 












































Twtnntng plane ( Conjugatc plane) 
Bol tzn1ann constant 
i==nun1ber or letter: constant, factor 
Plane spccifytng thc only scction \vhich rctnain aftcr t\vtns transfonnation circular 
Length of crystal 
Low Angle Boundary 
Light tnicroscopy 
1 i n car n1 u ffí n-t in o rb 1 ta 1 s 
Stratn rate scnsitivity 
Taylor factor 
Stratn hardening exponent 
Nonnal directton 
Atomtc volutne 
Grain stzc exponent 
Plastic deforn1ation 
Powder n1etallurgy 
Activation energy (Acttvatton encrgy for GB diffuston) 
Correlation coeffictent 
Density of dislocations 
Roll ing direction 
Rcar Earths 
Density of fo rest dislocations 




Magnitude of the shear straín 
Yield stress 
Scanning elcctron microscopc 
Max imun1 strcss 
Superplasticity, superplastic 
Shear plane 
Static recrystall ization 
Time 






Paratneter of recovery 
Recrystallized fractíon 
Zener-Hollomon parameter 
1. An overview of the problematic 
1.1. Introduction to n1agnesiun1 and alun1iniun1 alloys 
1.1.1. Historical perspective 
Magnesiutn as a new elen1ent \vas already rccognised in 1755. But n1etallic 
magnesium was first isolatcd by Sir Humpry Davy in England in 1808 via clcctrolysis 
of anhydrous magnesium chloride with a tnercury cathode and natned according to the 
Greek word ~'Magnesian, a district of Thessaly forn1er region of ancient Greece. ln fact, 
the ortginal name suggestcd by Davy was ~1nagntun1 ,, but today n1agncsiun1 i s u sed 
[ webelements]. ln 1852 Robert Bunsen constructed a stnall laboratory cell for the 
electrolysis of fu sed MgCb [Polmear94]. Cornn1ercial production cotntnenced in 
Gcrmany in 1886 but had rcached on ly "'-J 1 O t worldwidc by 1900. This rose to 350 t in 
1915 and thcn jumped to more than 3000 t by thc last ycar of thc First World War. In 
1920~ after the First World War, productíon falls down to 330 t and increases again 
under the unpetus of the Second World War 111 the tirst of 1940~ (32000 t in 1939) 
[Polmear94]. In 1943 the production reaches -----240000 t [KammcrOO (p.22)]. At the end 
of the warttme, the production declines agatn to _._,30000 t in the late 1940' . 
Nowadays, worldwide productíon of raw magnesium ts reportcd to bc about 
600000 tons per year [Aghion06]. Diagram of magnesium consumptton in Western 
world is deptcted in Fig. 1.1 . 
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Fig. 1.1: Consumptzon oj Mg zn Western world in 1997 [Avedesian99 (p.5)} . 
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In contrast, pritnary production of Al is about two ordcrs of tnagnitudc highcr 
[Polmear96~ Aghion06]. In n1any cases, both alun1iniun1 and 111agnesiun1 are con1n1only 
added to each other as alloying elen1ents .. A.lun1iniun1 is the n1ost con11non constituent oť 
Mg alloys and., sín1ilarly., Mg is one of thc n1ost cornn1on elernents in both \Vrought and 
cast Al alloys [ASMAlutninun194 (pp.4l-45, 91 J. 
'The history of alutniniun1 containing cotnpounds is dated as early as the ancient 
Grcck and Ron1a whcrc alun1 was uscd in n1cdicinc. In 1761 de Morvcau proposcd thc 
na1ne "alun1inc" for the base in alun1 and, latcr the nan1e ""alunliniutn'' has been adopted. 
Alutniniutn metal was isolated in 1 R25 by t-Ians Christian Oersted in Denn1ark 
[ wcbclcmcnts] . 
1.1.2. Advantages of magnesium and aluminiLtm alloys 
Onc of thc most attractivc propcrtics of Mg and Al is thcir lowcr dcnsity and 
cotnparable speciťíc strength (strength to den síty ratio) to iron based alloys . The density 
ofMg and Al based alloys is usually less than 2000 kg!tn3 and 3000 kg!tn3., respectively. 
Abundant resources of Mg are avai lable fron1 the see water ( ~ 1 kg/nY~) which ts 
cnvlronn1cntally favourablc . Morcovcr, Mg is ťully rccyclablc. Advantagcs of Al 111 
compartson with Mg are excellent fonning capacities and better corrosion resistance. 
()n the other hand, Mg offers better darnping capac1ty and Jower weight-of-products due 
to tts lowcr dcnsity. Both n1ctals are casily machinablc (magnesium cvcn more casily) 
with low energetic require1nents and long life-time of the tools . The relatively low 
tnelting points ( 650 oc for Mg and 660 .5 oc for Al) and specific heat capacities (CMg== 
I 020 J/(kg.K) and CA1== 900 J/(kg.K )) insurc significantly lowcr energctic rcquirements 
than necdcd for the melting of iron [ wikipcdia 1, wikipcdia2]. 
1.1.3. Magnesium alloys 
Designation of Mg alloys is usually based on the namtng method used by 
Amertcan Soc tety for Testing and Materials (ASTM) [A vedesian99 (p.l6)]. This 
method comprises letter-number-letter system which consists of i) code letters (Tab. 
1.1 ) tndicatlng the two pr1ncipal alloying elements, i i) the weight percentage of these 
two elements and iii) an assigned letter ( e.g. X-indicates experimental alloy, C ind1cates 
thtrd specific composition regístered, etc) . 
2 
Lcttcr Elcn1cnt Lcttcr Elcn1cnt 
A Alun1 iniun1 M Man nanese b 
c Cooper Q Silver 
E Rear eat1h n1etals s Silicon 
H l~horiun1 X Calciun1 
J Strontiutn w Yttriun1 
K Zircon1un1 z Z i ne 
L Lithiun1 
Tab. 1.1 : Code letters fór the designation srstenz (~1· nzagnesu11n a/loJ'S 
[Avedesian99 (p./8)} . 
Frotn "'usability', point of vte\v magnestun1 alloys can bc divided into thrcc 
groups . 
Alloys designed fór anzbient tenzperatures can be used up to 100-120 °C. ln this 
group we can mainly find Mg-Al-Zn based alloys, which differ in Al and Zn content. 
Commercially available alloys are designed as AZ91, AZ80 and AZ31, for exatnple. ln 
automotivc industry Mg-Al-Mn bascd alloys are oftcn favourcd bccausc of cxccllcnt 
impact properties [Brungs06 (p.253)]~ typical examples are AM20 and AM50 varying 
111 Al content.. 
Alloys for elevated temperatures are based on Mg-Al-Si system. These alloys 
offer good combtnatton of tnechanicaJ properties and production costs up to 150 °C. 
Typ i cal cxamples are AS21 and JA.S41 alloys uscd in V\V Bcctlc ( c.g. [Polmear96]) 
A!loys for higher temperatures (up to 250 °C) contain in all cases a mix of rear 
earth elcments (Nd-based míxture prevaíls at prcsent days), Y, Sr or Se . Typical 
examples are QE22 (Mg-Ag-Nd) and WE54 (Mg-Y -Nd). Separation of pure Nd ts 
technologically posstble but expenstve. This is because chemical properties of all 
eletnents are mainly determined by upper electron shell. The lanthanides have upper 5p6 
shcll fully occupied and this shell shields the partially occupied 4f shell (Nd ~ 4ť). This 
results in similar chemical properties of lanthanides and makes problem with their 
separatton . Therefore, a mix of RE with predominant content of Nd or Ce (approx . 
80°/o) is usually used for production of commercially available Mg alloys . 
3 
Spccial subcatcgory i s Mg-Th group. Thoriun1 irnprovcs n1cchanical propcrtics 
and Mg-Th based alloys are creep resi tant up to 350 oc [Pohnear94]. However, it low 
radioactivity (half-live of the n1ost stable i ·otope 2J2Th i s 1010 year \ and decay cha in 
ends with an Isotope of lead 20~Pb [ \vikipcdia3]) tnakcs Mg-Th alloys environn1entally 
i nappropriatc. 










ln1proves castability: at least 2~~) are necessary for successful 
casting. Al is thc n1ost con1n1on alloying clcn1ent in Mg alloys. 
'Thc cxccss of Al in Mg fonns íntcrn1ctallic con1pound Mg 17Al1 2. 
Alloying with Zn oťfer in1provetnent of tnechanical propcrties (better 
than Al). Alloys of ZK scncs are rcportcd to bc oncs of thc 
strongest Mg alloys for ambicnt temperatures. High concentration 
of Zn cause s cracking during soli di fication (i .e. hot shortness) . 
The excess of Zn i s able to precipitate. 
Sn1all amount of Mn (as in case of Mg-Al-Zn alloys) in1proves 
corrosíon resistance by bonding of heavy itnpunties (n1ainly Fe) 
into rcJativcly harmlcss con1pounds. Providcd that Mn is uscd as a 
maín alloying element ( e.g. AM20 alloy), high toughness (i.e. 
resistance to cracking) is observed. 
Calcíutn unproves creep resistance because of 
precipítation/segregation at grain boundaries. Greater Ca level 
adversely affect dic-castability duc to hot-cracking. 
Silver improves precipitation hardening ín Mg-RE alloys during 
artificial agíng. 
Neodymium improves mechanical properties at higher temperatures. 
ft is not usually uscd in Mg alloys containing Al due to formation 
of very stable AJ-RE compounds, e.g. [Zou05]. In some cases, 
however, it is possible to suppress formation of Nd-Al 








S tron ti un1 
Lightest metallic eletnent. Very good solid solubílity in Mg. Beyond 
solid solubility liiniL. Li gradually changes the sttucture of Mg 
frotn hcp to bcc. Lo\v corroston rcsi tance. Li incrcasc ductility 
but dccrcascs strcngth. 
Ccriun1 in1provcs corrosion resistance and Incchanical propcrtic at 
clcvatcd tctnpcraturcs ( up to 200 °C). Howcvcr, Nd providcs 
better res u I ts . 
Etlcctivc gratn rcfincn1cnt. Zr cannot bc uscd in Mg alloys 
containing Al dueto forn1ation oť Al-Zr con1pounds . 
Improvcs tncchantcal propcrtics at highcr tctnpcraturcs and ductility 
even at roon1 tetnpt.rature. Y has rclattvcly high solubility lin1it in 
the solid solution ofMg. 
Increases the fluidity ofn1oltcn alloy. ltnprove tncchanical properties 
up to 150 °C. Make relatively hard and stable Mg2Si intern1etallic 
compounds. Si is practically insolublc in Mg. 
Graín refínen1ent. Strong detrin1ental influence on the corros1on 
bchaviour. Fe can bc climinatcd by thc addition ofMn. 
Improves corrosíon resistance, crcep resistance and tensile properties 
at clcvatcd tcmpcraturcs . 
Tab. 1.2: The meaning of alloying ele1nents In Mg [Avedesžan99 (p./5), 
Mordike06 (p.80)]. 
1.1 .4. Aluminium alloys 
Designatíon system of Al alloys descríbes wrought and cast products separately 
[ASMAlumínum94., KaufmanOO] . Aluminium alloys are grouped by the alloying 
elernent present in the greatest mean percentage as listed in Tab. 1.3 . The meaning of 
alloytng elements is summarised in [ASMAluminum94]. 
Pure Al is relatively soft metal with remarkable ductility even at rootn 
tcmperature (rt). Thís 1s a consequence of several factors such as fcc structure and 
metallic bonding. Strong aluminium alloys date from accidental discovery of the 
phenomenon of Hage hardening" by Alfred Wilm in Berl in at the tum of the 19th cen tury 
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Wrought Al Group Cast Al Group 
A1uminiurn > 99.00o/o lxxx Alurníniun1 ~ 99.00°/o lxx.x 
Cop per 7 xxx .. ~ _. ., Coopcr -,XX X Lr • o r 
Manganese Jxxx Silicon \Vith added Cu and/or Mg Jxx.x 
Silicon 4xxx Silicon 4xx.x 
Magnesiun1 5xxx Magncsiun1 5xx.x 
Magnesiun1 and Sillcon óxxx Zin k 7xx.x 
Z i ne ?xxx Tin 8xx.x 
Other elements 8xxx Other clcrncnts 9xx.x 
lJ nu sed series 9xx.x Unused scries 6xx.x 
Tab. 1.3: Designation system .for A I alloys [AS Al A lzoninzun94 (p. I 8). Kaz!fmanOO 
(p . 9)} . 
[Pohnear96]. Hís work led to the developn1ent of the alloy known as Duralun1in . 
Anothcr rctnarkablc incrcasc of thc strcngth was achicvcd in thc ncw farnily of 
amorphous alloys \Vhich are produced by novel processing tnethods such as rapid 1nelt 
quenchíng and in ten se deformation ( a 02 up to 1.5 GPa) [Polmear96]. In addition to the 
crystalline and glassy phases, a quasicrystalline phase without periodic lattice has been 
recogntzed to be the thírd phase ln rnetallic n1aterlals [Shechtman84]. Ren1arkable 
strcngth was achievcd in Al-bascd alloy with high volumc fractíon of quasicrystallinc 
phase. For example, the fracture strength ·~ 1.3 GPa at rt has been reported for the melt-
spun Al<J2MnflCe2 and Al94.sCr3Ce1 Co1 .s alloys [InoueOO]. 
1.1.5. Crystallography and allotropy of magnesium and aluminium 
Both magnesturr1 and aluminiutn form close packed structures. As shown tn Fig. 
1.2 ~ ··cfose packing" can be fulfilled in two ways; according to the packing of 
subsequent layers in thc ho les ( or saddle points) of previous o ne, o ne can distinguish a 
formatton of A.BABAB structure which i s referred to as cl ose packed hexagonal (hcp) 
and ABC ABC suucture cal led face centred cubic (fcc). While magnesium and 1nost of 
1ts alloys fonn close packed hexagonal structure, aluminium has jace centred cubic 
s truc ture. 
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A ·, I ll 






Fig. 1.2: hcp structure o.ť nzagnesuon (/~ji),· .ťcc structure qť a/unziniunz (right), 
as vzevved.frotn close packing,· the atotnic centres are high/ighted. 
The elements with ncgligiblc or lin1itcd solubility n1ay tcnd to fonn, if prcscnt at 
sufficient amount~ intermetallic phases. As an exatnple being tnentioned Mg2Si (Si is 
practically insoluble in Mg at rt) and Al12Mg17 (solubility lin1it of Al in Mg is about 
2.5 at. 0/o at rt) that are commonly observed in AS and AZ series of Mg alloys, 
rcspcctively. In this regard, ít ts intcrcsting to notc that Mg2Si undcrgocs to thc 
polymorphic transfonnation from the fcc to the hexagonal lattice, a=7.20 Á, c=8.12 A., 
at ----2.5 GPa and ten1peratures above 900 °C. The high-pressure phase is indefinitely 
mctastable at ambient condit1ons [Shunk69 (p.495), Cannon64]. 
Hydrostatic compresston of pure Mg at rt in a diarnond-anvil cell to ----50 GPa 
shows a transition to bcc structurc [Young91 (p.80)]. Calculations at O K based on 
linear muffin-tin orbitals (LMTO) and generalized pseudopotential theory (GPT) predict 
the sequence hcp ~ bcc ~ fcc. LMTO gives the two transitions at 57 GPa and 
180 GPa, while GPT predicts thern at 50 GPa and 790 GPa. Ab initio pseudopotential 
calculauons (AlP) predict the hcp-bcc transition at 60 GPa. It is readily seen that all 
used theories are in reasonable agreement with experiment. On the contrary, no change 
of the structure was found in Al compressed at rt up to 150 GPa. Nevertheless, theory 
shows that the fcc ~ hcp trans i ti on is to be expected at pressures 120 GPa (LMTO), 
240 GPa (AlP) or 360 GPa (GPT) [Young91 (p.89)]. 
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1.2. Scientific issues of magnesiun1 and aluminium alloys 
1.2.1. Non-basal slip and dtictility of n1agnesit1n1 
Ductility i s the ability of a n1atcrial to deforrn plastically without fracturíng. It is 
usua11y cxprcsscd by son1c tncasurc of thc strain at fracturc. It is rccognizcd that thc 
ductility of a given n1etal is not a uniquc propcrty, but rather that it varics \vith n1cthod 
of loading. specitnen shape. tcrnperaturc. stratn ratc and cnvironn1ent. Thc strength. and 
also the duet i 1 ity, of a rnetal dun ng dcfonnation are govcrncd by thc ba Iance bet\veen 
work hardcning and dynan1ic softcning proccsscs. lf \Vork hardcning prcdon1inatcs, 
strength i s high but ductility 1s usually low: 1 f softcntng prcdotntnates, strength i s low 
but ductility is usually high [Tegart68]. 
A tnajor probletn accon1panying n1agncsiun1 alloys is litnitcd low-ternpcrature 
fo rn1 a b i I i ty o f po I y c rys ta 1 s (u s u a ll y 1 es s t han 1 O (Yo a t rt ) [A v cd es i a n 9 9]. T h c re i s a 
gcncral agrccmcnt that low crystallographic syrnn1ctry of thc rnagncsiun1 is rcsponsiblc 
for detrin1ental ductílity. The dominant sli p tnode in all hcp n1etals has the shortest 
Burgcrs vcctor b = (l / 3 )a 1120 , whcthcr thc prin1ary s lip plane i s basa I ( c.g. Mg, Cd, 
Zn) or prísmattc ( c.g. Ti, Zr). Thus, pcrfcct dislocations with Burgcrs vcctor 
-
b = (1/3 )a 1120 and s líp plane (000 l) are cncrgctically thc tnost favourcd in Mg 
alloys, Fig. 1.3. 
Under some circumstances ( e.g. elevated temperature~ improper orientation of 
basa] plancs to cxtcmal loading, .. ) anothcr s lip plancs with (1 /3 )a 1120 s lip vcctor 
can be constdered: pyramida I {1 O T 1} and prismatíc {1 OTO} (Tab. 1.4, Fig. 1.3). Any of 
these díslocattons can tnove, 1n pnnctple, in this direction. Hovvever, since the I 120 
d1rectíon ts parallel wíth basal plane, strain accommodation along c-axis is stili missing. 
Evcn if all slip planes wíth thc 1120 dircctíon operate, there is stili no way to 
accomtnodate strains along the c-axis. 
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( 1 O I 0) 




Fig. 1.3: Slip elenzents qť the hcp rnetals : po.\·sihle slip planes H'ith (_~lide along 
<a> vector (i .e. zn (1120) directzon) . 
, I 
ln order to accommodate a slip tn the c-dircction, the activity oť second-order 
pyramida! glide is desirable. With glide elements (1123) and {1122} von Misses 
crttcrion can be casily fulfillcd . Thc rcmarkablc fcaturc is thc largc sizc of thc slip 
vector I /3 ( 1 123) that i s the sum o f the c vector and an a vcctor. Each sl ip plane 
conta1ns onc slip vector and cach slip vcctor lics 111 onc slip plane. Glidc clcmcnts, that 




Fig. 1.4: Glide elements ol the second-order pyramida/ plane. Note that glide 
plane ( 1122) zntersect atom A 
Expenmental evidence of the l/3 ( 1123) {1122} s lip in Mg was given by e. g. Ob ara et 
al. [Obara73] and Stohr & Po1ner [Stohr72]. Slip systems as observed in fcc and hcp 
metals are hsted In Tab. 1.4. 
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Latticc S lip S lip Nun1bcr oť systcn1s Exan1plc 
plane direction 
Pian es Dircctíons To tal Inderendent * 
fcc 
{ 1 1 l } (1T o) 4 3 4x" - l') 5 Cu, Ag, Al ' J - .._ 
hcp { 0001 } (I 120) 1 3 l -, , '1 Zn, Mg, Cd x_)=-' ._ 
{1 o To} (I 120) 3 3xl - 3 I Ti, Zr ..._ 
{1 o T 1} (I 120) 6 6xl =6 4 Ti, Mg, Zr 
** {11 22} (1 123) 6 6xl =6 5 Zn, Cd, Mg 
Tab. 1.4: S lip s_ystems fór the close-JJackecl /alt ice structures [Wigle_v 7 i (p.l 0)]. 
*) [Kel(vOO (p./96)],· **) {Ke/f:yOO (p./8ťJ, 271 )]. 
Tahle 1.5 prcscnts tbc n1agni tucte s of rclati ve cncrgics for pcrťcct Jislocations in 













I /3 ( 112 3) 
Tab. 1.5: Relative ener,gies oj· perfect dislocations in hcp meta/s, e.g. 
[Kettunen03 (p. 73)} . 
Slip planes at low temperatures are usually parallel with close packed atotnic 
planes, but thís rule has many exccptions. On thc othcr hand, at moderatc tcmpcraturcs, 
whilst the slip dircction remains fixed thc slip plane in a givcn slip line may vary, sce 
Fig. 1.3 [KellyOO (p.l87)]. However, as T increases gradual activity of slip eletnents 
with <c+a> con1ponents should arise because the critical resolved shear stress for 
sccond order pyramida! slip system decreases rapidly with incrcasing tcmperature. 
As menttoned above, ductility of Mg and most of its alloys is strongly limited 
duc to two independent slip systems (basal) available at ambient temperatures . \lon 
f\1ises dertved that the homogenous deformation of polycrystal requires at least 5 
independent slip systetns [Mises28] . Constderlng the íntluence of alloy1ng elements and 
structure, ductdity tn Mg alloys can be markedly lmproved even at ambient 
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tcn1peraturcs. Aspccts contributing to thc ductility cnhancctncnt tnay bc sun1n1arizcd as 
follows: 
i) Strong tcx ture wi th hard oricntat ion for ba~al sl i p (i .c. ap pl ication of 
thctmomcchanical trcatn1cnt ). 
i i) U s ing of suitablc alloying clcn1cnt (Mn, Li, Ce ... ). 
iii) Gra1n refinement (if i) and ii) are ťulfillcd, thcn gooJ ductility can bc 
achieved even \\trith rnediunl gn1111 sizc) . 
1.2.2. Twinning 
Low crystallographic syn1rnctry accon1panicd by lo\v nutnbcr oť cquivalcnt slip 
systcn1s in hcxagonal cl ose packed tnctals (hcp) undcrli ne thc ne cd to introducc anothcr 
mode of deformation, by n1eans of which plastic deťonnation n1ay occur. A bcn~fit oť 
the twtnning follows fron1 two rcasons: i) to rcoricnt thc latticc ťron1 one to anothcr 
oricntatíon and, thus, facilitatc a slip, and ii) substitute a lack of slip systcn1s duc to 
possibility to accommodate a strain. Desplte n11nor ability oť tnany twinning tnodes to 
accorntnodate substantial strain dunng plasttc defon11ation, it plays crucial role in all 
hcp mctals . 
Tw1nníng is defined as a hotnogcneous shear, which rcstores the lattice in a new 
oricntation~ i.e. twinning rcproduccs thc initial structurc of a crystal but changcs its 
orícntation. T'win formatíon docs not only occur during dcformation, but may also occur 
durtng solid state phase transfonnation, during soli di ficatíon and during annealing 
[Hutnphreys04 (p.262)]. lt is íntcrestíng to note that martensitic transfonnation is also a 
shcar process very similar to twinntng but transforms thc crystal into a 
crystallographícally different structure. 
Twtnning elements are described by K1 and 111 where K1 define twinning plane 
and 11 1 shear ( twtnning) direction, Fig. 1.5. Alternatively the homogeneous shear can 
occur on a second (so callcd conjugate or reciprocal) plane K2 in the direction 112 
[Hall54 (p .43), Crocker62, Klassen64 (p.7), Serra91, Crocker94]. The traces ofK, plane 
wtth the sphere (or with ellipsoid) and K 2 plane with the sphere (or with ellipsoid) 
spectfy the only sections which remaín after transformation circular (i.e. the traces of 
intersectton of sphere with ellipsoid). More detailed descr1ption of the twinning usually 
1 1 
requtres a specitication oť shear plane Sp ( sp l_ K 1 1\ 'lt E sp) and crystallographic 
shear s (i.e. magnitude of the shear train) [Klassen64 (p.7)]. It can be dcrivcd fron1 
Fig. 1.5 that the magnitude of the shcar s tra in s in thc unit ·phcre i s gi ven by the anglc 
2<P bctwccn thc two undisto11cd plancs K 1 and K 2, c.g. l Hcrtzbcrg83 (p.l 09)] 
s = 2 cotg(2<Ď). 1.1 
However, a mode of twtnning is cornrlctcly dcfincd if K 1, K2, 11 1, 11 2 are all kno\vn 
[Hill73 (p.622)]. Only son1c of tbc twtnning clcrncnts nccd to bc cxpcrin1cntally 
detern11ned, e.g. K,, 111 and s, or K1 and fl 2. Thc rctnaining clerncnts thcn follow fron1 
the geometry of a sitnple shear (KellyOO (p.329)] . 
K'\l /ll 
, • e • 
\ I • • .. . \ .. . • • • \/ 
-· -- - --·----. 
\ 
\ 
Fig. 1.5: T\1;'inning eleJnenls, adoptedjro1n [l!all54}. 
Consídering the most protninent n1ode of twinntng in a ll hcp structures [SetTa96, 
KellyOO (p.326], i.e. {1 O T 2}, s can be expressed in the sítnplified forrn, e.g. 
[H ertzberg83 (p . l 13)] 
s=-~ [(~~r -3)~ J3 a / c 1.2 
where axíal ratio cla == 1.623 for Mg. Hall showed that the to tal strain accotntnodated by 
cotnpletely twtnned crystal may be expressed as [Hall 54 (p.45), Hertzberg83 (p.ll O)] 
1.3 
where s ís crystallographic shear; lo and l is initial and final length of the crystal, 
respectively. The large values of s are not preferred because the strain energy associated 
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with tw1ns is proportional to s2 [Hcrtzbcrgg3 (p.115)]. It n1cans that twin with largc 
are able to accommodate largc strain but. duc to an cxpt:ctcd cncrgctic rcqutrctncnt, 
material will be able in most cases to attain the strain accon1n1odation by different way 
or tnacroscopic failure occurs rather than t\vinning. 
The composition plane of a twin has been defined as the plane \vhich separates 
the sheared frotn unsheared region. It is, thcrcfore, the visible boundary between a twin 
and thc matrtx. ln vcry natTow twins, thc con1position plane and thc twinning plane K 1 
usually have almost identical orientations because the energy of the twin boundary i s a 
tninunum when the con1positton plane co i ne i des with the plane oť twinníng. Thus, 
determ1natton ofK 1 can bc bascd on mcasurctncnts of thc oricntatton of thc con1position 
planes ofthin tw1ns [Hill73 (p.622)] . 
Thc above analys i s tndicatcs that a cornplctc dcscription of thc twinning rcquircs 
the knowledge of tnany parameters. In the cope of this work, however, 1t i ufficient 
to define twinning plane K 1 and the angle bet\veen basal planes in the twin and a tnatrix. 
As indicated abovc, Mg and its alloys usually twin along K1 == {10l2} wtth 
disortcntat1on angle betwccn basal plancs of 86.3 °, c.g. [Avcdcsian99 (p.S), Navc04, 
Hauser55., Morozumi76, Ban1ett04, Christian95 (p.29)]. For completeness, full 
descnptlon of the {10T2} mode would be following: K1={IOT2}, K2={T012}, 







Fig. 1.6: {1 O T 2} tw1nnzng elements zn hcp s truc ture and thezr relation to the 
general descríption in Fig. 1.5 [Hertzberg83 (p. l 1 3)} . 
Another twtning modes commonly, but not so often li ke {1 O T 2}, observed in 
Mg are {10 TI} (56°) and {10 T 3} ( 64°) [Hill60, Nave04, Hill57]. These twining pian es 
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rcquire highcr conccntration of clastic stratn i.c. hit!h valuc oť s bccausc cla tic tratn 
~ 
cncrgy i s proporttonal to 2. Son1c authors ob 'Crvcd at highcr tcrnpcraturcs {30 3 4} 
twining system, [Hill57, A vedcsian99 (p. 8) J. Ho\vcvcr. a s pointcd out by Chri tian & 
Mahajan [Christian95 (p.26)] and Crock~r [Crockcr62] on thc base of cxpcrin1cnts of 
other authors, the twins {30 3 4} are rathcr sccondary twins {10 Ti}- {1 O T 2}. Sccondary 
twins were reported in {toTt}-{1012} {38°) [lon82, Navc04, Barnett04, Crockcr62, 
Wonsiewicz67] and {tOT3}-{tol2} (22°) [llill60]. 
Christian & Mahajan [Christtan95 (p.133)] ctnphasizcd that t\vinn1ng tn hcp 
metals is often ductiliztng rather than an en1bnttling agent, inasn1uch as twin forn1ation 
helps to cotnpensate for the sn1all nutnbcr o ť opera ti ve sl ip systcn1s, and in particular the 
difficulty of achieving pyramida) sl ip. 
Spacing in magnestun1 for both cqutvalcnt and ncarcst planes is illustrated in 
Fig. 1.7 and Tab. 1.6. The (000 I) plane i s Jargcly prefcrred for sl ip~ in {tO T 2} tnost 
easi1y twtnning occurs~ ln {tO TI} twinning as well as sltp i s observed and, furthcrn1ore, 
this tw1nning plane can serve as a sourcc for sccondary twinníng~ slip n1ay also bc 
observed in {1 O 1 O}. 
Rccently, dcformatíon twinning has becn lound cvcn in fcc nanocrystallinc 
alutnin1um after mlcrointendation [Chen03]. On the other hand, the occurrence of twins 
tn Al ingots solidified by continuous or setnicontlnuous casting has already been 
rcportcd a long time ago [Aust52]. 
Although twíns have been extensívely studied, the atotnistic mechanism of their 
fom1atíon rcmains unclear [Humphr~ys04 (p.263 )] . It i s considercd that twin nuclci may 
fonn under the act1on of applied stress in a near-perfect region of a crystal 
( homogeneous nucleation) or, alten1atively, may fonn on ly when a suitable defect 
configuration is prcscnt (heterogeneous nucleation) . To date, ho\vever, theoretical 
calculat1ons and expcrímental evidence do not support the concept of homogeneous 
nucleation of twins [Christian95 (p.45)]. Probably, the energy necessary for the creation 
of hotnogeneous tw1n IS higher than that for the activity of non-basal slip systems in 
Mg. Thcories based on defect-assisted nucleation usually involve the dissociation of 
some dislocatton conťíguration into stacking fault which then serves as the twin nuclei, 
see revtew [Mahajan02] . 
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Fig. I. 7: Section Ln the hcp structure (right) revealing inletplanar spacing and 
atom positions [Hertzberg83 (p. 76)} as viewed in the norn1al direction to the inserted 
plane Ln the leji jigure (i. e. inserted plane in the leji_jigure indicates plane qf'drawing in 
the right jigure). 
Plane {1 o To} {1 o T 1} (000 1) 
Nearest plane [nm] 0.09264 0.04087 0.06336 0.26053 
Equtvalent plane [nm] 0.1852g 0.20435 0.12672 0.26053 
Tab. 1.6: Spacíng between ]Jianes in magnesium (a== 0.32092 nm, c == 0.52105 
n1n) calculated according to Fig. I. 7. 
1.2.3. Forming capacities 
Many tndustríal metal-formtng methods, such as rolling and extrusion impart 
large plasuc stra1n and very fine gratned m.icrostructures may in certain cases be fom1ed 
[Humphreys04 (p.499)] . The limit of grain refinement by means of conventional 
thermomechanical processes 1s about 1 O Jlm for Al alloys [Humphreys99]. In order to 
obta1n even finer grain structure, severe plastic deformation is usually employed. Sub-
micron grained alloys may have extremely good mechanical properties. In the past few 
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years, there has becn a considcrablc intcrcst in using ·uch tncthods to producc alloy 
with ultrafinc grains, Tab. 1. 7 
Severe Plastic Dcfonnation Rcdundant * Notc 
Rcciprocal Extrusion Ycs Rarcly uscd 
Torston under Hydrostatic Pressurc '{es Prcssurcs about 5 GPa 
Equal Channel Angular Extrusion (ECAE) '{es ·u sually in angle 90° 
Dtrcct Extruston No 
Accun1ulattve Role Bondíng (ARB) Ycs Easily scalablc 
Multiple Forging Ycs l-1 igh T i s ncedcd 
Friction Stir W eldíng Ycs Usually uscd for joining 
Tab. 1. 7: Methodr;; (~1· cle,(órrnin'< nzeta/s to \'el:l' /arge strains [flzllnjJhre_ys99. 
Hzonphre.,vs04 (p.499)J. * ''Redundant" nu:ans large strain proces.,·ing rnelhocl in v1'hich 
a sanzJ7le can be dejorrned -vvithout anJ' net change zn its dinzensions. 
While forming of rnetals leads to the breaking of the structure into stnaller 
pcaccs which are charactcriscd by low anglc and/or spccial boundarics, prcfcrcntial 
onentatíon of the crystallites (texture) often develops as a by-product. Deforn1ation 
textures are stili a subject of sotne controversy. If thc forn1ing is realized at lower 
tcn1pcraturcs than ncccssary for full rccovcry, a considcrablc atnount of additional 
cncrgy is storcd in rrtaterial in thc form of dcfccts. 
1.2.4. Recovery and recrystallizatíon 
Thc accumulation of dislocations and other defects during plastic deforrnation 
results in storage of the energy in a materíal. Due to high mobility of vacancies and 
interstitials at higher temperatures, polnt defects do not contribute significantly to the 
stored encrgy cxcept the deformation at low tcmpcraturcs [Humphrcys95 (p.l2)]. In the 
common case of defonnation at ambient temperatures ahnost all of the stored energy i s 
denved frotn the accumulation of dislocatíons and the essential di fference between the 
defortned and the annealcd states lies in the dislocation densíty and arrangement. It may 
be shown that the rate of energy storage divided by the rate of work do ne should be of 
order 1 °/o in single phase materials with cubic symmetry [Kocks87 (p.l 0), 
Humphreys95 (p.12)] . However, it may be quite high (especially at low strains) in two-
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phase matcrials and polycrystals of a lowcr syn1n1ctry such as hcp structurc [Kocks87 
(p.l 0)]. Expcrimcntal detennination of this cncrgy typically givcs valuc about 3°/o of thc 
work done. These several percent are responsible for all changes occurred in the 
rnaterial. The excess of the energy is released in three n1ain processes: recoveJ)', 
recrystallization and grain coarsening [Dohcrty97 (p.220)]. Quantitativc n1casurcn1cnts 
of the stored energy are typically realized by calorirnetry or X-ray line broadening. It i s 
tnteresting to note that son1e qualitative result n1ay also be extracted fron1 SEM-EBSD 
imagc quality tnap. 
1. 2.4. 1. Recovery 
Rccovcry is a tcndcncy of thc n1atcnal to rcstorc cncrgctically n1orc favourablc 
microsttucture and to approach the equilibrium state. It tnay be defined as a process in 
which the stored energy ts released without n1igration of high angle gra1n boundaries 
[Dohcrty97 (p.220)]. Rccovcry gcncrally involvcs only a partial rcstoration of 
properties [Humphreys04 (p.3)]. It is primarily described as the changcs in the 
dislocation structure [Humphreys04 (p.l69)]. In principle, we can distinguish two 
tnodes of the recovery processes which n1ay operate simultaneously: i) annihilation and 
i i) redistribution of dislocations (c.g. polygonization) . 
Annihílation may occur either by a) an intcraction of n1obile (at least one) 
dislocattons by pair rcactions or b) an absorption of dislocations by thc grain boundaries 
[ Montheillet02] . To expla1n the annihilation by pair reactions, it IS assumed that 
dislocations whích, at the early stages of the deformation, were bound to their original 
slip plancs come into a positíon to lcavc these slip planes with incrcasing dislocation 
denstty. The atomic mechanisms considered to be responsible for the process are climb 
and cross slip. The fonner mechanistu is assumed to occur mainly at high tetnperatures; 
the latter ís though to place at lower tetnperatures [Lucke73]. Consequently, the 
dislocat1ons may anníhílate by ínteract1on wíth dislocatíons of oppos1te sign. 
If unequal numbers of dislocat1ons of two signs are produced during deformatíon 
thcn the cxccss cannot be removed by annihilation. Consequently a softening may also 
occur by redistribut1on of the dislocatíons ínto the configurations possessing lower 
energy Typ1caJ example of such behavíour is the rearrangement of dislocations to 
walls, so callcd polygonization. The process of polygonization results in formation of 
the low angle boundaries (LABs) . 
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Titnc for thc rccovcry n1ay rangc, dcpcnding on tcn1pcraturc, fron1 fcw scconds 
to many days. Microstructural changcs duc to thc rccovcry cannot bc usually rcvcalcd 
by light microscopy. 'The recovery is often n1easured by the changes in a single 
paratneter XR, such as hardness, ytcld stress, resistivity or heat evolution. Tf the change 
of such a paramctcr fron1 anncalcd condition i s XR, thcn thc kinctic oť thc rccovcry ( i.c. 
dXR/dt) n1ay be determined experitnentally. ~Iowever, such analysis gives only partial 
insíght 1nto recovery because the relationshq1 bet\veen XR and n1icrostructurc is usually 
vcry complcx and bccausc rccovcry n1ay involvc scvcral concurrcnt or consccutivc 
atotnistic tnechantstn each with tts own kinettcs [Hun1phrey ·95 (p.l32)J. 
Basically, thcrc are two tnost cornn1only rcportcd cn1pirical rclationships 
quantitatively describing tsothennal recovcry [Hutnphrcys95 (p.l33 )J. First of then1 
may be expressed as 




where c 1 and c2 are constants. It is clear that this rclationship cannot be valid dunng 
early stages of recovery ( t --7 O) when X R --) X 0 or at the end of recovery ( t ~ oo) 
when XR ~O . 
ccond type of thc rccovcry kinctics ts 
dXI{ = -c Xh 
dt I R 
1.5 
which íntegrates for h > 1 to 
and for h ~ 1 
lnXR -lnX 0 =- c1t 
\vhere X 0 ts the value of XR at t == O. 
8oth equations 1.4 and 1.5 were successfully used to describe recovery kinetics 
111 stngle-crystals as well as 111 polycrystals . For instance, equation 1.4 fitted well 
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recovery n1easured via the changes of the yield stress in zínc single crystal within the 
simple shcar, and cquation 1.5 dcscribcd succcssfully thc dipolc annihilation in LiF 
crystals [Humphreys95 (p. I 34-136)]. 
Sharp ct al. [Sharp65] studicd rccovcry in 99 .99cYo n1agncsiun1. Thcy found that 
lll slightly defon11ed (up to S(Yo at rt) n1agncsiun1 recovcry occurs on subsequent 
annealtng at and above 80 oc 
The softening which occurs during thc deťonnation is called c~rnanlic recuvel)\ 
111 contrast to the slatic rccovel)' which occurs (during annealing) aftcr thc (cold) 
dcformation is con1plctcd. Thc dynan1ic rccovcry occurs \Vhcn thc strcss-strain curvcs 
of tnetals change wtth increasíng deťonnatton ťron1 a rathcr steep to a tlatter course . 
This tnay often be expla1ned by the assun1ption that \Vith 1ncrcasing deforn1ation the 
ínitially don1 ínating hardening processes are s u pp len1ented by softening processes. The 
samc sítuation is obscrvcd for incrcasing tcn1pcraturc: thc highcr thc tcn1pcraturc thc 
tlatter ís the course of the stress-strain curve. N evertheless, the recovery nccd not bc 
confí ned to plastícally deforn1ed n1aterials, but rnay occur in any crystal in to which the 
dcfccts havc bccn introduccd. Thís can bc rcalizcd c.g. by írradiation or by qucnching 
frotn high temperatures. In these situations the recovery will occur on subsequent 
annealing [f~ umphreys04 (p. 169)]. 
1.2.4.2. Recrystallization 
As rnenttoned in the preceding paragraph, the recovery often involves only a 
partíal rcstoration of the propetiics bccausc cnhanccd dislocation dcnsity ts not 
cotnpletely removed. Generally, a more profound restoration process 1s 
* recrystallization. Conventional ( i.e. cliscontinuous ) recrystallization involves the 
format1on of new straín-free grains in certain parts of the specimen and their subsequent 
growth to consume thc dcformcd or recovered microstructure [Humphreys04 (p.215)] . 
In thts process nucleation of nevv grains and migration of their high angle boundaries 
(HABs) dnven by stored energy is the basic mechat11sm. The microstructure of a 
matcrtal at any ttme is divided into rccrystallized and non-recrystallized regions 
• Altcrnattvely, continuous recrystallizatton (CDRX) may occur. CDRX is characterized by 
conttnuous transťonnatton of low angle boundanes (LABs) in to high angle boundaries (HABs) . 
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(therefore discontinuous). When tt occurs during deforn1atton, it is called d)J11GJnic 
reclystallization (DRX) or n1orc prcciscly discontinuous DRX (DDRX). In contrast, 
recrystallization dur1ng annealing oť the cold-\vorked n1aterial is then called static 
recrJ'Stal/ization (SRX). The physical tnechanisn1s responsible for DRX are sin1ilar in 
many rcspccts to thosc controlling SRX [Dohcrty97 (p.241 )]. Rccrystallization of thc 
d~fotmed 1nicrostructure is often cal led JJrnnal)' reCJ)'Slallization to distinguish it fron1 
the process of secondar~v recJystallizalion (i.e. abnornzal ._e;rain grolvlh) which tnay 
occur 111 fully rccrystall i z cd rnatcrial [Hun1phrcys04 (p.215)]. Thc driving fo rec of thc 
sccondary rccrystallizat1on ís thc rcduction oť intcrfactal cncrgy of grain boundarics 
[Hill73 (p.319)~ Titorov92]. 
Rccrystallization is most dircctly n1casurcd by quantitativc n1ctallography., 
wherein its extent is often characteriscd by recrystallized fraction Xv. For example, the 
k 1 nettcs of pri tnary recrystallrsation ís in the sin1plest ca se described by the Johnson-
Mchl-Avrami-Kolmogorov (JMAK) cquation, c.g. [Hun1phrcys04 (p.232)] 
1.6 
where k0 and 8 are constants., t is the time. 
Thc cffcct of impuritics on thc rccrystallization kinctics is analyscd in 
[Dimitrov78 (p . 13 7), Montheíllet02]. Generally, a ll typ es of recrystallization are 
delayed by the presence of impunties . ~rab. 1.8 gives the temperatures necessary to 
ach1cvc con1plctc SRX aftcr large dcformation by rolling. 
Element Commercial pure tnetal [°C] Zone refined metal [°C] 
Al 200 50 
Cu 180 80 
Fe 480 300 
Ni 600 300 
Zr 450 170 
Tab. 1.8: Comparison oj the recrystallization temperatures for selected meta/s 
oj diflerent purif)' [Dirnitrov78 (p. 137)}. Unfortunately, the amount and type oj 
unpurities IS not specified in this work" 
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The effect of the second phase particles in cold rol led alun1iniun1 single crystals 
(thickncss rcduction from 25 to 95°/o) was cxan1incd by Hun1phrcys [Hun1phrcy 77]. 
Recrystallization originates wíthin a region of high dislocation density and large lattíce 
misorientation at the particles, and procccds by a rapid polygonization process. 
Montheillct & Lc Cosa [Monthcillct02] discusscd thc intlucncc of thc purity on DRX. 
They sutntnarized that purity can strongly intluence the kinetics of DRX: c.g. they put 
forward clear evidence that alun1iniutn changes kinetícs fron1 CDRX to DDRX in high 
purity alun1iniutn gradcs . DRX during high tcn1pcraturc dcforn1ation of Mg-O.Rwt. 0/oA l 
was stud i cd by Ion ct a l. [Ion 8 2] . Th cy how cd t ha t d yn a n1 i c r cc rys ta ll i s a ti on i s a 
consequence of the relative di fficulty o ť operattng non-basal s lip systen1s below 600 K. 
The rnechanisn1 of DRX involved dynan1ic polygonisatton of rotated lattice (n1antle) 
rcgions adjaccnt to grain boundarics. At highcr strains thc dcfon11ation i s local i z cd in to 
the shear zones wherein DRX takes place. 
1.2.5. Superplasticity 
SuJJerp/asticity (SP) is the capability of polycrystaline materials to undergo 
extenstve tensile neck-free plastlc defonnation [PadtnanabhanRO (p. I), Nieh97 (p.l ), 
Shcrby89 (p.171 ), Langdon94 (p.9)]. Nowadays, thcrc is no doubt that supcrplastic 
deformation occurs by ... grain boundary sliding" (C1BS) . It remains unclear., however., 
how GBS is accotnmodated in the material subjected to superplastic (SP) deformation. 
It 1s expected that GB dislocatlons [Kaibyshev02] and diffuslonal processes ( e.g. 
[Padmanabhan80 (p.85)]) n1ay play cn1cial role. Howcvcr, atomic lcvcl undcrstanding 
of the grain boundary accotnmodation n1echanism is limited. No direct experímental 
visualization techntque is available that allows nonintrusive ínvestigation of grain 
boundary structures durtng deformation. [Swygenhovcn02]. 
Based on experin1ental work of tnany authors, sotne structural characteristics of 
the SP matcrials may be outlined: 
Equiaxed gratns: Retentton of an approximately equiaxed gratn structure 
followtng extreme supcrplastic elongation has been verified repcatedly many times (see 
[Padmanabhan80 (p.89)]). When the initial structure consís&:ed of elongated grains, 
superplastic flow converted the grains to an equíaxed shape. 
Fine grains: Due to tmportant role of graín boundaries (GBs), fine grain size 
( --1 J.!m) i s conducíve to superplasticity because larger portion of GBs may operate. 
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Microstructura/ stabi/in': In order to tnaintain fine gra1n stze 111 SP fonning 
range~ thc presence of stabilising constitucnt (c.g. ccond pha c) at GB i rcquircd. In 
case of very unstable n1aterials such as nanocrystalline n1etals at least slowing down of 
the grain grow is des1rable. 
T)'lJe oj GBs: There 1s no doubt that high angle grain boundarics are responsible 
for SP . 
The course of the stress-strain (<J(E)) curvcs during SP n1ode difťers fron1 
conventional plast1c defonnation. It is observed that stress is usually (see e.g. 
[1v1cFaddcn99]) inscnsitivc to strain (i.c. a :t- f(E)) \vhich rcsults in thc flat cr(E) curvcs 
(steady state flow stress) with lo\v pulling force needed for plastic tlow. In contra t with 
deťotmatíon of ductile tnetals which failure by necking at elongation of tens percent, SP 
is charactcnscd by ncck-frcc dcforn1ation with high clongation to failurc (n1any 
hundrcds of pcrccnt). High valuc of s tra in rate scnsitivity paran1ct..:r n1 (111 > 0.3) is a 
cotnmon aspect o f the SP . 
Environmcntal conditions at which SP tnay dcvclop con1prisc high hon1ologous 
tetnperatures during defonnatíon (T > 0.4Tnh T'm ís melting poínt) and low straín rates . 
A rclatíon for the plast1c flow strcss was originally considcrcd in thc fo1111 
cr == f(E, É, T) . It vvas found by Dorn in 1949 that such function did not ex i st i f changcs 
in T wcrc allowcd [Padmanabhan80 (p.l 0)]. As mcntioncd abovc, strcss during 
superplast1c deformation is strain ínsensitive and, therefore, at isothermal conditions it 
is suffictcnt to takc ínto account a = f(É) [Padmanabhan80 (p.9)]. For thc dcformation 
of supcrplastic matcríals a ncw tcrn1 has bcen devcloped to tndicatc ability of thc 
mater1alundergo neck-free deformation; strain rate sensitivity parameter m is defined as 
[Backofen64] 
1.7a 
where cr 1 and a2 ts the stress at straín rate E1 and Ě 2 , respectively. 
The strain rate sensitivity parametcr m is usually determined by changing the 
crosshead speed incrementally during tensile straining or by measuring the steady-state 
stress in separate tests at different strain rates. If the two methods yield identical vaJues, 
then the steady-statc flow stress must be independent of the previous deformation 
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htstotyt [Woodford69]. Thís situation does generally occur at high hotnologou 
temperatures and low t as ociated \vith SP behaviour. 
Strain rate sensitivity 111 1s principally a function oť t:, T and gra1n stzt: 
[Padmanabhan80 (p.54)]. Ho\\'ever. collccted data justify the validity of equation 1.7a 
and hence tn as cxprcsscd abovc is a uscful index of strain ratc cnsitivity [Backofcn68 
(p.28l )]. A convcnience stress-strain rate relationship ťollowing frotn cquatíon l.7a i s 
accordingly 
1.7b 
This n1ay be rewritten in the expandcd forn1 as (sce sect1on 2.2) 
E == k - DG b ( b) r ( a ) I m 
~ ~ k~r d G 
where D is the diffusivity, G is thc shear tnodulus, b is thc Burgers vcctor, d is the grain 
stze, k is the Boltztnann constanr, T is the ten1perature, k 15 is din1ensionlcss constant, 
and p gratn stzc exponent (usually bctwccn 2 and 3) [Hunlphrcys04 (p.495), 
Mukherjee02] . 
In strain rate sensitívc matcrials dcforn1cd at high tcn1pcraturcs, thc control ovcr 
the straín stabihty is undertaken by a large positive str::lin rate sensitivity paratneter m. 
In order to insure the domínant effect of 111~ necessary but not sufficient condition i s that 
dcfonnation has to bc conductcd at high homologous tcmpcraturcs (Tm>0.4). Thcn, 
th c 1n1 a ll y ac ti vat cd ph c no m cn a (i . c. r a t c co n troll ing m cc han i srn s) ha v c c han cc to 
control plastic t1ow and~ consider1ng structural and other circumstances, SP can be 
developed 
To date, a number of quantítative (constitutive) tnodels have been proposed for 
GB sliding. A sutnmary of these theories can be found tn the work of Nieh et al. 
[Nich97 (p.43)] and Shcrby & Wadsworth [Shcrby89 (p.l95)]. All ofthcse models have 
" llowever, creep teStS IOdJCate that thiS history independence lS not a]ways observed 
[ \Voodford69 J 
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ccrtain fcaturcs that are in agrccn1cnt with cxpcrin1cntal obscrvation in supcrplastic 
matcrials and thcy diffcr 111 various prcrcqui itcs about GB sliding accon1n1odation. 
Superplasticity has bccn obscrvcd in n1any n1agncsiun1 alloy ~ c.g. [Nich97 
(p.69)] . Up-to-datc papcrs on upcrplasticity havc bccn publishcd by c.g. [Mabuchi99] 
for AZ9l, [Miyahara06] for AZ61~ [Lin05] for AZ3l~ [Galiycv04~ Watanabc02~ 
Lapovok05] for ZK60, [Matsubara03] for Mg-9wto/oAL [Furui05] for Mg-Rwt. 0/oLi, and 
[Horita02] for Mg-0.6wt. o/oZr. A nun1bcr of publicat1ons dcal with superplasticity in 
alun1inium alloys, see e.g. boo ks by Padtnanabhan & Dav i es [ Padn1anabhan80] and 
Nieh et al. [Nieh97] and revtew papcr by Shcrby & Wadsworth [ShcrbyR9l 
Recent developtnent in advanced structural n1atcr1als [ N ich97 (p. 155 )~ '{ an03, 
WatanabeO 1] enabled to ob serve S P 111 n1etal n1atrix con1posites such a s PM ZK60 
1nagncsiun1 alloy containing 17vol. (YoSiC particlcs and AA6061 alutniniun1 alloy 
containing ~Si 3N4 whiskers. Maxin1u1n tensile elongations about 450°;~ wcre generally 
obtaincd in thís class of n1atcrials . 
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2. Theory of the plastic deformation 
Defon11ation proccss n1ay bc dcscribcd as an ability oť thc body to transforn1 
cxtcrnal strcss into strain (clastic or plastic) and, thcrcby doing a rncchanical work in 
physicaltneaning. 
2.1 e DescriJ?tion of the stress-strain curves 
In general~ any solid exposed to thc influencc of an cxtcrnal forcc n1ay undcrgo 
to straining accon1panicd by thc changc of thc s ha pc. Thc n1ost convcntional way occurs 
according to the following sitnplified sccnario: i) idcal clastic dcforn1ation, ii) nonlincar 
homogeneous plastic defonnation, iii) inhotnogcncous plastlc dcfonnation, iv) failurc. 
Howcvcr., lots of altcrnativcs are rcportcd as wcll: c.g. nonlincar clastic~ idcal plastic 
only~ fracture in elastíc region~ linear clastic defonnation + inhon1ogcncous plastic 
deformatton, ... . 
For thc sakc of sín1pliclty, in thts scction is consídcrcd tcnsilc dcfonnation test 
with a constant crosshead speed. The 1nost natural way to define a s tra in ( i.c. shape 






'This 1s so-called engzneerzng or nonúna/ strain. Instead of defining the incretnents of 
strain by dc=dl/10 (cq. 2.1) P. Ludwíg and A. Leon [Ludwik09, Nadai50 (p.73)] 
suggested 111 1909 that a strain E (so called natural or true strain) is to be defined by the 
tncrements dE=dl/1, i.e . 
1 
dl ( l l E = J =ln = ln(I + e) . 
l I 1 o 
() 
2.2 
It can bc shown that 111 comparison with cngtnccring strain true stratn better describcs 
the detormatton behavtour 1n the ínco1npressible solids [Ludwik09, Nadai50 (p.73)] . 
Sitntlarly, o ne can define true stress as a== F I S where S ]s a cross section of the 
spcctmcn changtng with dcfotmatlon and F is a force acting on the specimen. 
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It has bccon1c con1n1on pract1sc to dcfinc scvcral paran1ctcrs that charactcrisc 
tnatcrial's rcsponsc during stratning. Thc .~ole truc strcss - truc train curvc givcs 
fo ll o wi n g in fo nn a ti on: 
Yield stress cry is one of the n1ost Ílnportant n1atcrial characteristtcs. By the ten11s 
'"yicld, yiclding~ yicld strcss~ yicld strcngth or yicld point" onc tncans thc 
initiation of clearly (/etectahle tnacroscopic plastic ·training oť tbc ·ttucture. It 
1n ea n s t ha t t h e y i e Id str c s s i s r cl a t cd to t h c on s c t o f i ITC v c rs i bl c p 1 a st i c 
dcforn1ation . N ot a ll cngtnccring strcss-strai n curvcs 1 ntroducc a cl car _rielci 
point~ t.c. clcar clastic plasttc transition. In this casc it is ncccssary to fínd 
approxin1ate value ~~artifictally". 'Thts valuc is rcfcrrcd to as cr02 and givcs an 
engineering boundary between elasttc and plastic dcforn1atton. Generally 
adoptcd mcthod for dctcnn ination of cr02 i s a con truct a line parallcl to tbc 
elastic portion of the engineering s-e curve but o ff set fron1 the origin by 0.2{Yo. 
Thcn cr02 ís dcfincd as thc intcrscction of tbc s-e curvc and thc offset líne. 
Maxinzunz stress CJmax : Maxin1um value of the stress by which the spccitnen n1ay be 
loaded" 
E/ongatLon to jiAacture (to jailure) A0 =- (exp(Er)-1 )*I 00 [o/o] where Er i s a true fracture 
straín, 
StraLn hardenzng exponent (also tcnncd strain sensitivit;') n for which following 
equatton holds: a= k 2 E
11 
• 
Co~ffictent a./· work hardeníng ť} = da/JE refers about ability of the n1aterial absorb 
plastic deformation . 
Toughness (i.e. the amount of energy that a material can absorb before rupturing) Ut 
rcfers about thc ability of matcríal to absorb cnergy. Toughness is a cotnmonly 
uscd conccpt which is difficult to pin down and dcfine [Dieter76 (p.336)]. Ut can 
be calculated, for instance, as area under engineering stress-engineering strain 
curve. According to this definition Ut cotnprises elastic as well as plastic strain 
energy. Toughness is a parameter that comprises both strength given by <Jo2, O'max 
and ductílity characterísed by A0 . From this definition it is clear that the higher 
values of a 02 , O'max and Ao the higher Ut. The area under engineering stress strain 
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curvc is an indication of thc an1ount of thc work per unit volun1c (J /nY3) which 
can bc donc on thc n1atcrial \VÍthout causing it to rapturc 
Work l f I I I F dl cf{ 
U t = . . = F dl = ~ F v dt = = a 0 de . I 11 I tI a 1 v o 1 u 111 e v() \ / () s u I() (\ 
2.3 
Considertng the definitions of thc truc stress 0 = 0 0 (I+ c) anJ the truc stratn 
E = ln( 1 + e), and since dE= de ;( 1 ·+ e) thc \Vor k per unit volun1e n1ay also be 
expressed by [Nadai50 (p. 79)] 
2.4 
\vhcrc cr i s truc stres s and E i s truc strai n. 
Many theoretical accounts have been prescnted to dcscribe stress-strain curves in 
tbc region of honzogeneous plastic dcfo1111ation assun1ing various constltutivc cquations. 
The most convenience, símplest and generally acccpted relation for rate-insensilive 
n1aterial is power law 
k ll CJ= ) E 2.5 
which ts gcnerally attributcd to Hollon1on [Ho11ornon45]. In cq. 2.5 k2 rcprcscnts a 
strength coefficient and n is a straín hardening exponent. Taking into account rate 
scns1tivity m 1ntroduccd in chaptcr l.2.5 and yicld strcss cr02 , cq. 2.5 n1ay bc rcwrittcn in 
the fon11 
2.6 
Apart from linear viscous flow ( cr 02 =O, n =O, m == 1) close to thc melting point it has 
been proved, however, that constitutíve relation 2.6 does not provide valid descriptions 
of the plastic deformatton of metal specimens at elevated ten1peratures [Wray70]. For 
cxan1plc, Appleby [Appleby70], on the basts ofphysical requircments outlined by Wray 
& Rtchmond [Wray 68 ], showed that the constitutive equation must contain at least four 
varíables whereas 1n equation 2.6 there are only three: cr, E and Ě. To date no reasonable 
cquatton dcscríb1ng gencral deformation behaviour in the form a= f(E, É, l') has been 
found. Thcrefore, considerable efforts have been dedicated to find appropriate 
relationshtp tn the regton where tlow stress i s independent of s tra in cr :t:- f(E) as 
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frcqucntly obscrvcd at high tcrnpcraturcs. This is known a stead,v state _floH' stress and 
it plays crucial role in hot H'o rkincr processes and seconclaiJ' creep. An cffort to cotTclatc 
data for both hot working and creep i s thcreťorc obvtou ·. Stea(~V state , ituation ts also 
observed tn n1etals defonned in tcnsion at high hon1ologous tcn1peratures and such 
bchaviour allnost corrcspond \vith crccp [Poiricr85 (p. 76 ), c~adck88 (p.26 )]. 
Additionally., creep equations are con1n1only incorporatcd in thc thcorics for dcscription 
of other defon11at1on proccsses such as superplasticity. For these rcasons brief overvicvv 
of thc crccp laws i s givcn Jn thc ncxt scction. 
2.2. Hot working processes and creep 
At certain conditions micron1echannns controlling plastic dcťonnation strongly 
dcpcnds on T and E. At rclativcly low tcrnpcraturcs or high straín ratcs , it i s kno\vn that 
strcss dcpcnds principally on thc strain cr = f(E) and dcpcndcncc on Ě i s usually 
negligible a :;t f(Ě), see Fig. 2.1. In this case, thc changc in stress with strain reflects a 
changc in the stn1cturc of thc metal known as work hardcning ( {}>>0), and thc absence 
of a rate effect indicates that recovery ]Jrocesse.\"' are negligibly slow. On the other band, 
at sufficiently high temperatures or slow strain rates, sin1ple viscous behaviour prevails 
with the stress depending prin1arily on the strain rate <J = f(Ě) and not on the 
s tra in a :;t f( E), Fig. 2.1 . In this case, the s truc ture ren1aíns essentially constant, recovery 
processes being sufficient ly rapid to overcotne any work hardening tendencies, and the 
changc in strain ratc with strcss rcflccts thc ratc of rcaction of thc constant st1ucturc to 
the apphed stress [Wray68]. Thus, therrnally activated processes causing recovery are 
often called rate-controlling processes. As indicated in prevíous section, creep and hot 
working processes are typícal reprcscntatives whcrc dynarnic recovery (DRV) plays a 
s1gnificant role and both of them are oť enormous technological interest [McQueen02]. 
On the other hand, creep research deals with low strain rates (l0- 10 to 10-6 s- 1) and 
curtailmcnt of total strain, and hot working research had the objective of reducing flow 





.Fig. 2.1 : Characteristic tensile truc: stress-true strain curves at (i~llerent 
honzo/ogous temperatures T and s tra in ra/es E: É
1 
< E 2 << É1 < É~ . 
It was dctnonstratcd by cxpcrin1cnt that crccp data at high strcsscs (i.c. high 
s tra in rates as well) correlate with equation~ e.g. [ Sherby68 (p.34l, 360)] 
E = k 4 cxp(~a) 2.7 
and at low strcsscs 
2.R 
where n= 1 /n1 in equation 1. 7b. 
Consideríng diffusion processes vvhich take place at low straln rates and high 
ternperatures, cr(€) was deríved in the fo1111 
2.9a 
regarding Ncwtonian víscous flow [Avcry65]. It is worth to notc that somc Mg alloys 
(e.g. ZK60 alloy) behave in non-Newtonian manner [Karim69, Backofen68 (p.291 )]. 
They need to reach sorne initial level of the stress (threshold stress) in order to initiate 
diffus1on tlow and this has been called Bingham flow. Agrecmcnt of equations l. 7b, 2.8 
and 2. 9a,b for m = lI n = 1 i s obvious. Constant CNH can be determined in the Nabarro-
Hering analys1s of latttce di ffusional creep [Herring50]. The same proportional i ty 
between a and É was derived by Coble for GB diffusion [Coble63] 
2.9b 
although constant Ce has different meaning [Karim69] 
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k Q O k 7 ~2 D w 
C:--~ll = h"\ and Ce = g , whcrc w is GB width. 2.10 
d-kT d~kT 
Nun1erical constant kr) depends 011 thc grain gcon1ctry. k, in Coblc crccp was dcrived on 
the assumption of sphcrical grains. k~ ~ 150 I rr. k i s thc Boltztnann constant and n 
atom i c v o 1 um c. O i s th c co c ffí c i c 11 t o ť di ťfus ion t hro u g h l a tt i c c a n d Dg w i s th c 
coeffictent of diffusion along GB. Thcy rnay bc gcncrally cxpressed as 
2. I 1 
where Q and 0GA i s activation cnergy for latticc and G B di ťfusion. rcspcctivcly, and 0 0 
is independent of ten1peraturc. Rm is n1olar gas constant. Sincc both latticc and GB 
diffusion contributc indcpcndcntly to crccp it is convcnicnt to rcprcscnt thc ovcrall 
creep rate by the sun1 ofthe two expressions, (cq. 2.9a,b) [Burton77 (p.4)J. Thus 
· - (c · c~ \ E- Nll + (' ;G. 2.12 
The additional diffusion creep contribut1on by grain boundary diffusion has in1portant 
consequences . This !s because the activation energy for G 8 di ffusion i s less than that 
I 
for latttce diffusion ( Q GB = ; Q) and thus the GB contribution predominant at lower 
temperatures. It was pointed out by Garofalo [Garofaloú3] that in creep the dependence 
Em = Ccr (Em ts mintmum crccp ratc, C constant of proportionality, C == CNII v Ce) 
holds at temperatures near the melting point at low stresses . 
Successful attempt for general description of cr(E:) relation at all stress levels has 




(sinh(aa))n = k 9 (cxp(acr) + exp(-acr))n 2.13 
where a= ~ 1 n . This a sumptton follows from the coursc of stnus hypcrbolic that can 
be ťitted by linear (exponenti a!) dependence of É at low (high) stresses. Equation 2.13 
descríbes probabihty of moving (--exp(~cr)) and back-n1oving (---exp(-~cr)) of 
dislocations under an extemal stress. While the equation 2.13 is ascribed to Garofalo, 
the relation E ""' sinh( a) was known and used for description of the E( cr) earlier 
[Conrad61 (p. l79)] . 
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Ncxt step in phcnoincnological dcscription of thc hot \Vorking proces c appcar 
to be that of Sellars and Tegart [Tegart68] \Vho propo ·cd relation between 'trcngth cr, 
tcmpcraturc T and strain ratc E in thc fonn 
, • 11 ( Q l 
E = k lil ( s 111 h ( a <J)) ...: x Pj - R T 
\ l1l 
2.14 
where k, o, a and n are ten1pcraturc 1ndcpcndcnt constants and Q is an activation cncrgy 
dcfincd in thc ncxt scctton 2.2.1. Thc rclation of Scllars and Tcgat1 ís a dcvclopn1cnt of 
the equation 2.13 pro po sed for crecp by Garo fal o. 
It is worth to mcntion that Dorn [Mukhctjcc69] cotnbincd as carly as 1956 
eq u a ti on 2. 2 O í n sec ti on 2. 2 . I a n d eq u a ti on 2 . 8 ( o r l . 7 b i f 111 = 1 I n ) a n d ob ta in cd 
etnpirical n1echanical equation of state for crccp in thc forn1 
• 11 ( Q l E=k ii <J cxp -RT 
" 111 
2.15 
whcrc k 11 diffcrs grcatly from tnctal to n1ctal. Notc that at lovv strcsscs, cquation 2.14 
rcduccs to thc samc rclation as cquation 2.15 [Tcgart6gj . According to Mitchcll ct al. 
[M ítchell02] this constítutive equatíon ís not valid for n1aterials wi th a high Peierls 
stress and then the derived quantities (Q, n == 1 I n1) are on ly apparent values. ln 1961, 
McLean and Hale tnade an itnportant observation that variation in k11 amongst the 
vartous metals and alloys seetns to depend systetnatically on their tnoduli of elasticity 
(see [Mukherjee691 for reference) . They have shown that the correlation of secondary 
crccp ratcs among thc various nH.:tals and alloys ts considcrably ímprovcd whcn 
equation 2.15 is rewritten as [Mukherjee69] 
2.16 
wherc G 1s the shear modulus of elasticity. Similarly, Shcrby suggcsted empirical 
relat1on 111 thc form 
E -k <J . ( Jn 
D- 13 E 2.17 
where 0=0
0
exp(-Q / R mT) and E is Young ' s modulus ofelasticity [Mukherjee69]. 
Some arguments, however, may be raised against equation 2.17 [Mukherjee69]: i) it is 
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not ditncnsionally corrcct and i i) i s not \\'holly consistcnt wi th thc rcqutrcn1cnts for 
thennally activatcd or diffusion-controllcd n1cchanisn1s of crccp. 
Both rcquircn1cnts n1ay bc obcycd i f \VC considcr rclationship (Dorn equation) 
proposcd by Mukhctjcc ct al. in 1969 [Mukhctjcc69 J ( con1parc \Vith cq. 2 S) 
DGb(crJil E-k 
-
14 kT G 
2.18 
whcrc kt4 is dimcnstonlcss constant. Thc introduction of a po\vcr low crccp cquation 
undcr thc fotm proposcd by Mukhcrjcc ct al. lM ukhctjcc69] i s justi fícd by thc fact that 
the actívation energy for tnany n1etals (sec [Shcrby68 (p.338)] for exccptions) dcforn1cd 
in creep ts reasonably cl ose to that for se) f-di ffusion. Equation 2. 18 can be further 
modified by thc addition of graín sizc dcpcndcncc to thc fonn [Cadck8X (p.ó5)] 
E = k DG b ( b J r ( a ) I i m 
1
" kT d G 
2.19 
where k 15 1s dimensionless constant, and p grain size exponent. 
2.2.1. Actívation energy 
Thermafly activated processes during plastic deforn1ation are anaJysed on the 
base of knowledgc of acttvatíon cncrgy Q, bccausc any strain-accotnmodating 
mechanísms has to overcotne an energy barrier to contribute an eletnentary strain. The 
cnergy necessary to overcome the barner 1s provided by the applied stress and the 
thcrtnal agítation [Poirier85 (p.76)]. 
Based on experimental experíence, strain rate at a constant stress is usually 
exponential function of temperature. This so called "'Arrhenius equation', presented 
bcllow is thc relatíon of semi-cmpirícal naturc which i s found to fit many rate controllcd 
processes such as creep and diffusion in metals [Birchon65 (p.20)]. It may therefore be 
wntten 
2.20 
where Q 1s the apparent activation energy ( Q = Q 0 - Vcr * , Qo is the stress-free 
acuvation energy, V ís the activation volume and a* is a thermal compontnt of the 
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applied stress a==ai+a*). Iť the defonnation process i~ controlled by a unique, then11ally 
activated process, the apparent activation cnergy i~ equal to the activation energy of the 
controlling proccss. Howcvcr, it i oftcn thc ca 'C that scvcral potcntial ratc-controlling 
processes exist and dit1er in thc activation cncrgics. 
Thc activation cncrgy Q for GB difťusion and dislocation corc difťusion in 
magnes1um is 92 kJitnol, and for latticc sclť-diťťusion 135 kJ /n1ol [Frost82 (p.44)J. Thc 
activation energy Q for self-difťusion 111 alun1iniun1 (99~99°/o) is 138 kJ /n1ol 
[Nowíck51 ]. 
2.2.2. Zenner-Hollomon paran1eter 
The first who proposed the quantltativc dcscription connccting E with T werc 
Zener & Hollon1on ín 1944 [Zener44] although qualitattvc equivalcnce of an 1ncrcasc of 
tctnpcraturc to a dccrcasc in ratc of dcťorn1ation upon thc cffcct of thc n1cchanical 
properttes of metals was at that tin1c wcll known. Thcy found that rclation n1ay bc 
expressed in the fom1 
Z= Eexp Q 
RmT 
2.21 
whcrc Z ts the Zener-Hollornon paranzeter. Thc Zcn~r-Hollon1on paramctcr combincs 
the two control variables: temperature of defonnation and straín rate. The relation may 
be theoretically interpreted but exact detenninatton has not yet been perfonned. The 
first cxpcruncntal vcrify1ng of thc cquation 2.21 was do ne in subsequcnt work for stccls 
in tcnston [Zcncr44al 
2.3. Work hardening 
A tt:rm ~ 4work hardening" mcans gradual increasíng of thc stress cr with the 
stratn E during plastic defonnation. Hardcning can be caused by several large groups of 
mechantsms .. First of all being mentioned dislocatíons accumulated during straining, 
second large group is connected with obstacles present prior deformation such as 
forcígn atoms, precípitates and dispersoíds; last but not least grain boundaries may 
tntroduce effecttve batTier for overcoming by dislocations . 
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2.3.1. Hardening dueto dislocations 
If dislocation dcnsity p 1s plottcd vs. rcsolvcd shcar strcss 1' in thc opcrating slip 
systen1, a ll points fa ll wi th in rcasonab lc scattcr around an cq uation [Wicdcrsich64] 
1'::::: p . 2.22 
Thus, for a wide variety of stress strain curvcs thc rcsolved shcar strcss 1 i s proportional 
to the square root of the dislocatton dcn~ity p. This rclation is found to bc valid in a 
varíety of n1aterials and can be writtcn a s 
( or sin1i larly for po]ycrystals 0 = M!) 2.23 
where to is the Peierls-Nabarro stress, G is thc shcar n1odulus, b is the Burgcrs vcctor, 
a' is a nurnerical constant (a':::::0.3-0.6) and Nfts thc Taylor ťactor (M :::::3-6). In thc past, 
several rnodels have been suggested for tncchanisn1s oť work hardening by dislocations 
a nd a ll o f t h c s c tn od c 1 s I c ad c s s c nt i a ll y to t h c s a 111 c rc lat ion b c t w c c n t h c tl o w st rcs s a n d 
the dislocation densíty; the same as was ťound experin1cntally ( eq. 2.23 ). The tnodels 
are surnn1ansed in Tab. 2.1 . Weidersich published a nicc rcvicw on this subject 
[Wicdcrsich64]. Thc factor ki (i==T, S, B, M or K) appcaring in a variety of thcorctical 
rnodels does not differ too n1uch fron1 unity. Thus, constants a' for different n1odels are 






Type of n1cchanístns 
Díslocation superlattice 
Superlattícc of pilc-ups 
or glide zanes 
Elastic interaction between 
tntersecting dislocations 
Dragging of supetjogs 
Bowtng-out between network points 
Kuhln1ann-W ilsdorf in dislocation tangles 
Dcrivcd cquation 
Tab. 2.1 : Comparison offive mode/s for work hardening according to the review 
by Weidersich [Wiedersich64] (p denotes the dislocation density parallel to slip 
dislocallons and Plthe density ofjorest dislocations). 
34 
Rcccntly~ corrclation bct\\rccn di location den ~i ty and trc tn A 1 and A 1-Mg 
solid solution alloys has bccn stud i cd by Guyot & Raynaud [ Guyot91]. Thcy ha ve 
shown by using of several expcrin1ental tcchniqucs that Jislocation dcnsity versus 
hardcning follows a classtcal p1' 2 law for n1ost oťthc stratn rangc. 
2.3.2. Hardenir1g dueto obstacles (foreig11 aton1S,l:1recipitates,liisr>ersoids) 
A tnentioned by Mott [Mott56 ( p. Jl) J an cxplanation oť hardcning by n1can , oť 
fo re i g n a to 111 s di str i bu ted a 1 on g di s 1 oc a ti on I in c s \V a s fi rs t g i v c n in I 9 4 X by C o tt rc ll 
[Cottrcll48] and applicd to thc casc of iron containing carbon. O ne of thc conscqucnccs 
of Cottrelrs hypothests that i1npurittcs are lodgcd in thc dislocations, is that itnpuritics 
should cause a yield point. Anothcr is that vcry n1inutc traccs of in1purity n1ay have a 
profound effect on the hardness. Thcoretica1 trcatn1cnt of hardcning in randorn solid 
solutions predicts that critical resulvecl shear .... ·trcss T should vary as [Flcischcr64] 
2.24 
or as [Labusch70] 
2.25 
of the olute concentration cr tn aton1ic fractions . The quantities kF and kL are 
pararnetcrs charactcrising n1atcrial. Akhtar & Tcghtsoonían [Akhtar7l] applicd both 
thconcs to mcasurc conccntration dcpcndcncc in magncsiutn binary solid solutions. It 
appears that t ---- c ~ ~ ~ gives better results. The same conclusion has been verified by 
Lukáč for cadtníum-based alloys [LukacX 1 ]. 
Strengtheníng due to precipitatcs and dispersoids can be described by the 
analogous relatton because dispersoids rnay be considered as incoherent precipitates. It 
has bccn dcr1ved that the critical rcsolvcd shcar strcss for particlc-strengthcncd alloys 
relatlon has following form 
2.26 
whcre L ts thc mean distance betwcen particlcs, and constant kp depends on cohcrency 
or incoherency ofthe particles, their volutne fraction etc. [Gerold79 (p.219)]. 
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2.3.3. Hardening dueto grain boL111daries 
The overal] geon1etry of thc grat n boundary ts dt.:fí ncd by five dcgrces of 
frccdon1: two for GB plane and thrcc for oricntatton oť adJaccnt cry ~ tallitc ~ 
[Humphreys04 (p.91 ), Randle04]. Depcnding on thc type of dislocation. it · orientat1on 
to the grain boundary (GB), strcss fields in thc n1atcrial and thc type and oricntation of 
GB, they Inay serve as eťfectivc barríers. Thc rclation bct\vccn thc yicld or t1ow strc ·s a 
and a n1ean gratn size d (i.e. I-Iall-Pctch rclation) 
I 2 
()=(Jo +k liP .d 2.27 
was first proposed by Hall [I-fall51] and latcr cxtcnsivcly studicd by Pctch [Pctch53l on 
stccls. Although Hall and Pctch supposcd pilc-up of dislocations of likc sign gcncratcd 
frotn a Frank-Read source [Frank50], various prcrcquisitcs n1ay lcad to thc san1e 
relation [Li63]. Equation 2.27 holds for broad rangc of gratn sizcs but for fíne scalc 
nanostructures with grain size bello\v -- 10-20 nn1 thc Ilall-Pctch law brcaks do\vn 
[Nich05]. 
Grain boundary character i s of industrial signi fícancc bccause n1any propcrties 
of polycrystals (Coblc crccp, SP, íntcrgranular fracturc, intcrgranular (strcss) corrosion, 
recrystallization, segregation) depend on the nature of GBs. In spíte of extcnsive 
re earch tn the area of GBs over the past few decadcs, there is stili a great deal of 
unccrtainty about thcír structurc and propcrtics [Hun1phrcys04 (p.92)]. 
Ono et al. [Ono03] published tetnperature dependence of the Hall-Petch relation 
for purc magnesium polycrystals with tncd1utr1 grain sizc. Extcnsivc rcscarch is now 
dedicated to the study of Hall-Petch relation In AZ seríes o f alloys prepared by intensive 
fonntng (Wang06, Uematsu06, Ban1ett04a]. Summary ofthe results for pure aluminiurn 
and son1e Al-based alloys togethcr wíth an attcn1pt to corrclatc H-P rclation in ultrafinc-
grained Al alloys in dynamtc strain rate range ( E oc 103 s -I ) was published by Muka i et 
al. [M ukat98, Mukat95]. It i s worth to note that a ll these stud i es confinned relation 
2.27. 
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3. Objectives of the thesis 
T h e 1n a 1 n ob je c t o f t hi s t h c s i s i s to co nt r i bu t c to t h c d c s c r i p t ion o ť pI a st i c 
defotmation in sclcctcd light n1ctal alloys. Hcrctn n1icrost1uctural cvolution and 
1nechanisms acting during plastic deťonnation are analyscd. Particularly, ťollowing 
points are covered: 
1. A study of deto11nation charactcristics in t\vo cotnn1crcially availablť alloys: 
a) AZ3 l rollcd rnagncsiutn alloy 
b) AA6082 cxttudcd aJun1iniutn aJloy 
2. Microstructural evolution in AZ3l alloy and its innucncc on plastic dcforn1at ion . 
3. Analysis oť the n1icromechanisn1s of plastic dcfonnation at vanous strain ratcs 
and ten1peratures in both alloys. 
Since lots oť studies are now availablc for both thc n1Icrostructurc and tbc 
defonnation behaviour of alutnintunl, this work deals Inainly with AZ3l n1agncsiun1 
a1loy. Favounsing of alun1íniurn n1ay stcn1 ťron1 bcttcr castability without protcctivc 
atn1osphcre, ca ser forming capaci ti es caus cd by crystallographic s truc ture and bcttcr 
cotToston resistance due to natural fon11at1on of protect1ve surface layer. Although 
magnesiurn is known for a long tírne and its alloys are con1n1on1y proccssed in industry, 
thcrc ts incomplctc picture about proccsscs takíng placc dunng plastic dcforrnatlon. 
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4. Experimental methods 
4.1. Deformation testing 
Mechanical testing \Vas conducted by uníaxial loading (ten ílc tc t ) on the 
Instron type machincs (Instron ll g6, 5XX2). Spccin1cns wcrc dcťonncd at constant 
crosshead speeds giving initial s tra in rates bct\vecn '"'-.J l 0-4·-1 o-1 s-1• Collccted data was in 
the fotm of farce versus tlme. Cotnputer-aided data acquisition was ťurther treated by 
cotnmercially available software (MS ExcelL Sign1a Plot and TablcCurve) 1n order to 
obtatn trne stress-true strain curves described in chap. 2.1 . The yield strcss <Jo~ was 
determined as thc offset of 0.2°/o strain . An cxpcrin1cntal crror in dctcrn1ination of thc 
stres s ( calibration of the machine, uncertaintics in a n1casurcn1cnt oť the specin1en cro s 
section., etc .) is estimated to be + 5 MPa. 
4.2. Heating 
Deformation tcsting at highcr tcmpcraturcs was pcrfonncd with convcntional 
fumace In air atmosphere. Before testing each specimen was hold approx. 15-30 min. at 
the destred T 111 order to tnsure thermal equilibrtutn. 
Stattc annealing used for the m1crostructure evolution was conducted in atr 
atmosphere. Spec1mens were Inserted into warm fun1ace. After annealing, specimens 
were removed frorn furnace and aír-cooled (unless otherwise noted). 
4.3. Electron backscatter diffraction technique (EBSD) 
Scanning electron microscope (SEM) equipped with EBSD detector (HKL 
Technology) was used in this study to reveal m1crotexture of AZ31 alloy. Detailed 
anformation about the n1ethod can be found in [SchwartzOO] or in clectronic fonn 
r 1 ·' ••• 1' ~ , ., '"·t)"'" ( )rn , [Zaefferer] and [Edax]. 
4.4. Light tnicrosco}Je 
Olympus X-86 light mtcroscope equipped with digital camera was employed to 
study the mtcrostructures at magnification of 50x-750x. The etched microstructures 
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were uscd to rcvcal and charactcrisc structural pararnctcrs such as gratn stzc and 
twinning. 
4.5. Specimen preparation for microscopy observation 
Th e spec i 111 e n s o f A Z 3 1 a ll o y for ob serv a ti on w i t h t h e h c I p o f bot h lig h t 
microscopy and clcctron back-scattcrcd diffraction tcchniquc (SEM-EBSD) wcrc 
prepared by conventional grinding and polishing technique up to 1 Jll11 diarnond 
suspcnston. Thc diffcrcnccs wcrc in fínal polishing and chcn1ical trcatn1cnt. Spccin1cns 
for light n1tcroscopy were etched in [Avedesian99 (p.27)]: .4cetic-jJicral: JO nzL acetic 
acid, 4.2 g picric acid. 10 rnL H;:(J, 70 rnL ethanol. Spccin1ens for SEM-EBSD need 
more attention. After grinding up to 1 Jlin thc specin1cns \vcrc subjccted to nlechanical-
chetnical polishing by a solution of colloidal alun1ina (OPA). Thc 1natn target was to 
rcn1ovc distortcd layl:r, at which strcsscs aftcr n1cchanical polishing are accon1n1odatcd 
and, thus, uncover pure structure which enable to reveal crystallographic orientation. 
4.6~ X-ray diffraction 
Mcasurcn1cnts wcrc pcrforn1cd on Philips X,Pcrt PRO MRD diffracton1ctcr 
equtpped w1th Eulerian cradle and laboratory X-ray latnp wíth characteristic CuKa 
radíatíon . For macrotexturc mcasurcmcnt thc followtng sctting was uscd: X-ray lamp 
with po1nt ťocus, poly-capillary optícs in the incident beam, parallel plate collitnator, 
graphite monochromator and a point detector in the diffracted bea1n. 
Satnple was tnounted on an Eulerian cradle that enables sa1nple ( <P) rotation 
around the axís perpendicular to the sarnple surface and (\V) tilting of this axis in the 
dircctíon pcípcndicular to the diffraction plane. Preferred oricntation of crystallites (i.e. 
pole ťigure measurement) can be characterized by recording diffracted intensity for a 
elected diffractton angle and for different '1'-tilts and cp-rotations. 
The samples for X-ray diffractton were polished up to one tnicron but tnaterial 
with unprepared surfaces revealed qualitatively identical pole figures . The texture was 
rneasured in all cases near the surface. Collected X-ray inte11sities were corrected for 
expernnental aberrat1ons (defocusing etc.) and the background was subtracted. 
lncotnplete pole figures (up to \f/==60°) were measured and polar coordinates (<l>,\f) 
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werc rccalculatcd into Car1csian oncs (x.y) by using of thc rclations depictcd on x,y 
axes in the pole figures. 
4.7. Values versus units 
Constitutive analysis often requircs thc using of thc con1plex functions such as 
logarithm, hypcrbolic SI nu , etc. in thc rc ,pccti\'c graphs. I t i s apparent that these 
functions can on ly be ap pl ied on the unn -lcss variablcs. Thcrcťorc, in pri nciple a ll 
variables should be con1pensatcd to bc din1ension-less (c.g. strcss is usually 
cotnpensatcd by clastic n1odulus, etc). For thc sakc of sttnplicity, howcvcr, only thc 
valucs (i .c. unit-lcss nun1bcrs) are takcn into constdcratton for thc trcatn1ent by 
mathetnatical functions . 
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5. Results and their discussion 
5.1. AZ31 magnesium alloy 
5.1.1. Composition and properties 
Con1n1ercial \Vrought AZ31 B alloy shccts \NÍth thickncs._ 1.6 111111 in the H2 
temper [Avcdcsian99 (p.18)] wcrc uscd in thi study. Nonlinal con1position and thc 
purpose of eletnents are ltstcd In Tab. 5.1 . Thc shccts havc bccn supplicd by GKSS-
Research Centre, Gertnany [GKSS02]. 
Elenzent Al Zn Mn Ma 
Con1position in 
3 0.9 0.15 Ba/ance 
wt.% 
Purpose 
l!nprove ._)trengthening e.ffect ln1prove corro-
castinf{ hetter !han Al sion resistance 
Tah. 5. I : Nonzinal co1nposition (~f .AZ31 1nagnesiznn allo_v. 
AZ3 1 alloy ís the most co1nn1on tnagnesium alloy used for wrought products 
( n1ainly rolltng). In comparison with the oldest n1agnesium alloy AZ91 (notninal 
con1position Mg-9Al-l Zn-0.2Mn in wt.%)., thc orcurrcncc of rclativcly brittlc 
tntcrmetallics compound Mg 17Al 12 is supprcsscd. This providcs bcttcr forming 
capactties but reduce the strength. Compromise between strength (AZ91) and forming 
capac1ttes (AZ31) was offered by e.g. AZ61 and AZ81 . 
Direct competitors of the AZ31 alloy can be considered AM50 (notninally Mg-
5Al-0.5Mn in wt. 0/o) and ZK60 (notntnally Mg-6Zn-0.5Zr in wt. 0/o). AM50 offers better 
formability and impact properties (highcr toughness) but lowcr strcngth. ZK60 is thc 
strongest Mg alloy for ambient temperatures due to i) grain refinetnent by zírconium 
and ti) srrengthentng by ztnc. On the other hand, higher amount of ztnc causes an 
tncrt.=asc tn susceptibility to hot cracking during solidification, e.g. [Polmcar92] . 
5.1.2. Characterisation of the as-received structure 
A typ i cal as-rcceived mtcrostructure is shown in Fig. 5.1 . A lot of twins in the 
- -
gratns are result of rolling. The mean gratn size is 45 + 5 Jlill (d == 1.74x d, where d is 
the n1ean linear 1ntercept). Nevertheless, ít should be pointed out that the grain size 
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distribution was oftcn inhon1ogcncous and in sornc hcavily dcfonncd ítc a lo of 
etching contrast and definition of grain boundarie (CiBs) was ob erved. The e 1te 
were composed from net\vorks of t\vtns and 'hcar zoncs [Ion 2]. The twins n1ay partly 
accomrnodate plastic strain induced by rolling. At highcr initial strain rates (as expected 
in rolling) and suttablc tctnpcraturcs, twinning in tnagncsiun1 alloys n1ay bc vcry 
impottant defon11ation n1odc that is oftcn ductilizing rather than an cinbrittling agent 
[Chr1stian95 (p.l33)l . Purposcly we use thc tcrn1 ··suitablc tcn1pcraturcs'', bccause 
twinning activity n1ay stcn1 not only ťrorn low cry tallographic synunctry (to 
compensate the lack oť s lip ysterns) or dissociatton of dislocat1ons but ťrom dislocation 
reactions as well. ln th1s case the activtty of non-basal slip systcn1s tnay gtvc anse to 
twinníng by n1eans of n1utual dislocation rcactions [Christian95 (p. 76)]. 
lt can be expected that networks of twins induccd by rolling n1ay play an 
itnportant role during annealing owing to thc relaxation of accun1ulatcd encrgy (sce 
'CCtion 5. 1.3 ). 
Fig. 5.1: As-received 1nicrostructure of the AZ3 1 alloy. Rol/ing direction (RD) is 
hort~ontal and transversal direction (TD) is vertical. Light microscopy. 
It 1s well known that magnesium and its alloys subjectcd to forming exhibit a 
-
disttnct texture. The ( 0002 ), { 1 O 1 O} , { 1 O 1 1} and { 1 O 1 3} pole figur es of the as-received 
AZ31 sheets, obtained by X-ray diffraction techníque, are shown in Fig. 5.2. Darker 
contrast corresponds to stronger X-ray tntcnstty. It can be seen from the (0002) pole 
figurc that the most of crystallites in the sample are oriented with plane (000 1) nearly 
parallel to the plane of the sheet. Thus, c-axis of the tnost grains i s almost perpendicular 
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to thc plane of thc shect. Symmctrical maxima in pole figurcs {1 O ll} and {1 O 1 3} show 
pronounccd prcfcrrcd oricntation of ctystall i tcs and ( 1 120) dircction parallcl to thc 
roll i ll g di rec ti on ( R O). I t ha s b e e n rec o gn i sed t ha t roll i ll g textu re s res u 1 t f ro tn t h e 
combincd cffcct of thc c/a ratto and tbc activity of diffcrcnt slip and/or twinning 
systcn1s [AgncwO l]. Ncar idcal cla ratio of Mg ( c/a = 1.624) suggcsts dcvcloping idcal 
basal texture . However., ideal basal texturc i· rarely observed in Mg and a slightly off-
basal texture ts the norn1 [AgnewO 1 ]. The c-axis i s a little bit inclined fron1 the vertical 
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Fig. 5.2 . Dzrect pole jigures petformed ~y X-ray diffraction on the as-received 
specunen. RD and TD indicate rol/ing and transversal direction, respectively 
[Jager06} . 
5.1.3. Microstructure evolution during static annealing 
It ts obvtous that the defects íntroduced by rolling increase the energy of the 
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alloy. As n1cntioncd Hl chaptcr 1.2.4 this cncrgy rnay bc rcvcalcd by scvcral proccsscs. 
Jager ct al. [Jagcr06] havc shown that static rccrystallization (SRX) takcs placc at 
T > 200 °C. In this section microsttucture evolution during static annealing is analyzed. 
Fig. 5.3 shows rcprcscntativc n1icrostructurc bcforc and aftcr SRX. 
Recrystallized n1icrostructure is a result of annealing at 400 oc for 2 h. While the grain 
size before and after SRX is sin1ilar, annealing causes a tnore hon1ogeneous grain size 
distribution. Only fcw twins \Vcrc obscrvcd aftcr SRX. 
Fig. 5.3: Typical "as-received" (leji) and conzpletely recr.ystallized (right) 
rnicrostructure. Rol/ing direction is horizonta/ and transversa/ direction is vertica/. 
()ríentation n1ap obtained by SEM-EBSD for specitnen annealed at 200 oc for 
l h is hown in Fig. 5.4. Partly rccrystallized structure with the indication of previous 
shear zones (in the direction of the marker in the lower right comer) i s visible. Adjacent 
gratns w1th mtsorientatíon angle less than 20° are in red. The small portion of low angle 
boundarícs 1s apparent. Histogram of misoricntation anglcs between nearcst grains and 
dtr~:ct pole figures ís also gívcn in Fig. 5.4 . 
otc a local maximutn 1n thc histogram between 80-90°. From ''the ratc of 
changcs'' potnt of vicw, the annealing conditions (200 oc for 60 min) represent 
re latlvely early stage of the microstructure evolution. Thus, these GBs may originate 
-
ťron1 vcry common {10 12} twins [Avedesian99 (p.8), Christian95 (p.29)] because basal 
plancs tn tw1nned and untw1nned region form an angle of 86.3°. On the other hand, 
{1 O I 2 ;. twtnntng mode should not be easíly acttvated in multi-pass roll ing process 
_, tnce most of the graíns tend to be onented with c-axis aln1ost perpendicular to the 
plane of the sheet. In this preferred orientation of crystallites, {1 O 1 2} twinning tends to 
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Fig. 5.4: Leji: Orientation map (SEM-EBSD) o.f.spccitnen annealed at 200 oc 
for 1 h: RD in the left jzgure is horizont a/ and nor1nal direction (ND) is pe1pendicular to 
the plane oj· orientation map. Right: Distribution oj· tnisorientation angles between 
nearest grains and direct pole .figures frorn orientation nzap [Jager06}. 
tncrea e the thickness of the sheet and, thus, it is not able to accommodate compressive 
stratn caused by rolling. Many authors, e.g. Wonsiewicz & Backofen [Wonsiewicz67] 
and Yoo & Lee [Yoo91 ], clearly demonstratcd impossibility of strain accommodation 
-
by { 1 O 1 2} twining in compression along the c-axis . Twining in the other systems, like 
{1 O I 1}, is also possible but more diffícult and needs a higher elastic stress 
concentrat10n to occur. The merit of ~O I l} twinning follows from the ability to 
accommodate a stra1n 1mposed by rolling due to lowering of the sheet thickness and 
reonents crystals such that they may continue deforming by basal slip and/or secondary 
twtnning. Secondary twinning on {1 O 1 1} planes was demonstrated experimentally by 
Nave & Bamett [Nave04] and geometrical analysis was given by Wonsiewicz & 
Backofen [Wonstewicz67]. 
The tntluence of annealing at 300 oc on the mtcrostructure 1s shown in Figs. 
5.5a.,b . The mechantsms of the mtcrostructure changes seem to be the same as at 
200 °C, but the process of recrystallizatíon is much quicker. By comparison of Figs. 5.3 
and 5.5a 1t IS clearly visible that the most stgnificant changes occur within a few 
rntnutes . Two n11nures of annealing at 300 oc are enough to fully recrystallize the 
mtcrostructure and elimtnate most of the twins., Fig. S.Sa. Further annealing results in a 
more hotnogenous microstructure w1th tr1ple junctions 111 angle about 120°, Fig .. 5.5b. 
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Fig. 5.5a,b: Typ i cal nlicrosrructures <~ť the annea/e(/ specinu:ns at 300 °C _jór 2 
min (a) and 24 h (b). The rollin._r; directinn is hnri::ontal. 
Figures 5.6a.,b,c dcmonstrate thc role of twins during cxposurc of spccin1cn to 
temperature. Mutual crossing of twins oťten nucleates new grains (Fig. 5.6a). The newly 
fonned graíns grow along the n1utual crosstng twins and exhibit like rectangular 
30s 
60s 
Fig. 5. 6a,b,c: Micro,,tructure evolutíon oj the same sil es a_ftcr annealing for 30 
and 60s at 300 °C. The arrows in jigures indicate moving oj GB during annealing in 
the tune range jro1n 30 to 60s (Light microscope). 
shape. Twtns play no les s 1mportant role during the grain growth (Fig. 5.6a,b ). While a 
new gratn boundary (GB) grows along a twin (Fig. 5.6b upper arrow), another one has 
no support for growing and, at lcast, decrcases the GB energy by straightening (Fig. 
5.6b lower arrow) . Note that while twins facilitate grow of new grains, etching contrast 
on the tw1111 grau1 boundary indicates that crystallographic orientation may not be 
necessari ly identtcal (Fig. 5.6a,b ). This i s because orientation of a new grain i s 
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detern11ncd by crystallography of n1utual twin intcrscction and intlucnccd by intcrnal 
strcsses. It is worthy to notc'l that ~"prcdator" cffcct takcs place as wcll, as can be sccn in 
Fig. 5.6c. Some grains can grow fron1 others, which are smaller and/or inconveniently 
oriented grains. Disorientation of grains is possible only by n1eans of interna! stresses 
accumulatcd in thc n1atcrial during prcvious strainíng and rclaxcd by incrcasing 
tetnperature. It was also recognised that son1e graíns originate from twin latnellae and 
tw1n tnay be a nucleation site for several gra in . It appears that twin planes serve as 
initial stagcs of thc incon11ng high anglc boundarics of rccrystallizcd grains. This tnay 
be well seen in the upper right corner of Fig. 5.6a . Consequently'l GB migration, 
rotat1on and diffusional processes build graíns with high angle C1Bs and triple junction. 
At 400 oc'l anncaling only for 60 s is sufficicnt to changc thc mícrostructurc. It is 
evident that the onset of the mícrostructural changes had to occur during an increase of 
ten1perature fro1n rt to 400 °C. The texture of the annealed ( 400 °C/2 h) sa1nple i s 
tntroduccd in Fig. 5.7. 
By comparíson of Figs. 5.2 and 5. 7 it can be seen that pole figures prior and 
aftcr static rccrystallization show ome diffcrcnces. Thc as-reccived samplc has a 
stronger (000 l) prefetTed orientatton. Aťtcr SRX, the axis of "fiber" texture retnains 
several degrees tilted from the direction perpendicular to the sample surface but not as 
ttltcd a thc as-reccived samplc. Duc to thc satísfactory symmetry of basal texturc in 
RD- D plane and TD-ND plane, distribution of crystallitcs around the dominant 
preferred orientation direction (000 l) was approximated with 20 Gaussian function . 
Fttted values are shown in Tab. 5.2 . 
In the last two columns of Tab. 5.2, the full width 111 half of maxitnum (FWHM 
calculated fron1 the Gaussían function fit) in RD and TD direction is given. It is clearly 
sccn from the measurcd pole figures {0002) and the FWHM in Tab. 5.2 that the 
Intensity 1s not rot:at1onal symmetrical., but ís in one direction slightly broader; the 
(000 1) pole 1ntens1ty of as-recetved sample is more spread to the TD and recrystallized 
samplc to thc RD . Atter anncaling, the maximum intensity of the (0002) pole figure 
stgntficantly decreases and the FWHM of the Gaussian function approximating the 
dtstrtbutton of crystallites around the dominant preferred orientation direction increases 
mam ly m RD, Tab. 5.2. Symmetrical maxima observed in (10 T 1) and (10 T 3) pole 




I . \ 
L~ 
e ~1 -o.5 o o.5 c: 
~ 
c: 
































AZ31 n1agnesium alloy 
-



























o 0.5 1 
Fig. 5. 7 · Dzrect pole flgures perjor1ned by X-ray diffraction technique on 
recrvstalli=ed specimen (annealed at 400 °CI2 h). RD and TD indicate rol/ing and 
rrans versal direction, respectively [Jager0f5} 
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As-rece1ved 64902 









Tab. 5.2: Paran1eters of the (0002) pole figures for as-received and 
recr--y·stalli2ed n1ater1al: lmax refers about maxzmum intensity and FWHM(RD) and 
FWHM(TD) means fu!! width of the peak in half oj maxinzum calculated from the 
Gauss1an function fit in RD and TD. respectzvely. 
rcasonable to expcct that the lattice reorientation by twinning process must contributc to 
the weakentng oť the strong basal texture fonned by rolling due to nucleation of grains 
ťron1 twtns dunng SRX. 
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5.1.4. Deformation behaviour 
The defonnation behaviour was exarnined by uniaxíal ten ion at a constant 
crosshcad spccd as dcscribcd in chaptcr 4. Spccitncns with gaugc din1cnsions l.6x5x25 
n11n
3 were cut frotn the sheet with the tensile axis parallel to the rolling direction, Fig. 
5.8. Kaiser et al. [Kaiser03] and Bohlen et al. [Bohlen04] showed that the defon11ation 
behaviour varics with oricntation of thc tcnsilL: axis to thc roll ing dircction as a rcsult of 
crystallographic anisotropy. They put fotward clear evidence that both characteristic 
trcsscs (cro2 and CJmax) are systcn1atically lowcr ín rolling dircction (RD) than thosc in 
transversal direction (TD) between rt- 300 oc. 
Fig. 5.8: Ortentation a_f· the tensile axis to the rol/ing direction (arrow) in AZ3 I 
a/lov. 
The tensile tests were conducted in a wide ten1perature range (rt-400 °C) and 
··rratn ratcs bctwccn l.3x 1 o-4-4.5x l o-2 s-1• Typical truc strcss - truc s tra in curves 
rneasured over the tempera ture range rt-400 oc at selected s tra in rate of Ě = 4.5xl o-2 s - I 
are shown in Fig. 5.9 (lcft). Thc cffcct of thc straín rate on plastic defonnation at 
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Fig.. 5. 9 True stress-true strain curves at a selected str a in rate 
E = 4.5xl0 2 s- 1 (leji) and temperature T==350 oc (right). 
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curvcs wcrc obtaíncd for thc spccitncns test cd at othcr con1binations of the tctnperatures 
and thc strain ratcs. It can bc sccn that dcforn1ation bchaviour is influcnccd by thc 
temperature and the strain rate. With increasing temperature and/or decreasing strain 
ratc thc dcfon11ation stres s dccrcascs, duet i lity incrcascs and thc coursc of cr( c) curvcs i s 
getttng flattened. S tra in harden1ng dotninates at tetnperatures rt-1 00 oc~. Above 250 oc 
thc work hardcning ratc is closc to zcro. 
5. 1.4. 1. lnfluence of the tempera ture on plastic deformation 
It ha bccn statcd ín scction 2.1 that onc of thc n1ost important n1atcrials 
charactensttc is the yield stress cr02 and the n1axitnutn stress CJ 111ax· The ten1perature 
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Fig. 5.10: The ~vield stres s OřJ2 (leji) and the Jnaximtan stres s O'max (right) as a 
júnctzun vf.tenzrJerature T at difjerent strain rates. 
8oth stresses gradually decrease \Víth íncreasing ten1perature. The tnost apparent 
dccrcasc tak es place bctwecn l 00 and 200 °C. Poor mechanícal stability at higher T i s 
attr1buted to the lack of an element that is able to trap the dislocations and stabilize the 
rn1crostructure ( see sec ti on 1.1.3 ). Hence~ softening occurs . The tnechantstns of 
softcn1ng are vcry probably cross slip and climb of dislocations . 
For furth~r trcatn1ent thc tnax1mum stres s 0"1nax i s considered. Logarithtn and 
rearrangement of the relatíon 2.15 ( or its modifications 2.16-2.17) described in sec ti on 
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and thc changc of thc slape tn this plot indicatc thc changc of Q and/or n. Fig. 5.11 
shows the dependence between ln( a) and T- 1 • It i s readily seen that several regions may 
bc discemed. At temperatures between 11 and 50 oc the tnaximutn stress O"m a:x is not 
significantly influenced by strain rate Ě and tetnperature T. This indicates that the effect 
of thennally actlvated pheno!nena on plastic tlow between rt and 50 oc is n1inor. At 
about 100 oc thcnnally activatcd phcnon1cna bcgin to influcncc dcforn1ation proccss. 
-- ----------- ~ l 
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0.0015 0.0020 0.0025 0.0030 0.0035 
1/T [K-1] 
Fig. 5.1 I . Logarithm oj'the valz1es O'ma.t as ajúnction oj'T- 1" 
In other words, the defonnation behaviour staris to be very sensitive to the test 
tcn1pcraturc and imposcd stra1n ratc. This lcads to thc ~4-splitting,, of cr(T) curvcs for 
di fferent E as n1ay be seen In Fig. 5.11 . At the highest temperatures (T > 300 °C) and 
the Iowest strain rate E = l.3x 10-4 s 1 , the poínts markedly deviate from the rest of data. 
I t wtll be shown bellow that this region corresponds with the superplastic behaviour. 
Thercforc, the change oť n and/or Q ts apparcnt. 
5. 1.4. 2. lnfluence of the s tra in rate on plastic deformation 
As 1nd1cated in Fig. 5.11, the maximum stres s at higher temperatures i s sensitive 
not only to the test ternperature T but also to the strain rate E . Taking ínto account a 
relatton between cr and É, the best fit was obtained for a max ,....._ ln Ě . The plot O'max 
aga tnst lnE IS hown 1n Fig. 5.12 . If we consider creep equation at high stresses 2.7 
( sec ti on 2.2) or the cquatíon for activation energy 2.20 (sectíon 2.2.1 ), then we can 
express the stress cr as a functíon of strain rate E . Logarithtn and rearrange1nent leads to 
the same proportionality as observed by experiment, i .e. cr ~In Ě . Quality of the fit 
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Fig. 5.12: DejJendence ol the maxúnurn stres s on the s tra in rate (in logarithnzic 
scale) at high te1nperatures. lnset indicates quality (~f.the.fit. 
expressed by R-parameter in Fig. 5.12 shows that proposed dependence is in excellent 
agreement with experimental data in the s tra in rate range l.3x 10-4 -4.5x l o-2 s- 1• This i s 
not surprising; it ts well known that creep data at high stresses (i.e. high stratn rates as 
wcll) correlate with proportionality <>~ln t [Shcrby68 (p.34l, 360)]. Fig. 5.13 shows 
the sl ope X of the regression curves in Fig. 5.12 as a function of the temperature. lt can 
be seen that the slape X tnonotonically decreases with increasing temperature. 
~ 12 j 
2 I ....__. 
8 
4 ~--~---~--~-----~--~ 
450 500 550 600 650 700 
T [K] 
Fig. 5.13: S/ope oj.the regression curves in Fig. 5.12. 
Accord1ng to equauon 2.20 (section 2.2.1) the slape X of the regression curves 
corresponds wtth 
R mT x= v 5.1 
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Sincc tncrcastng tcn1pcraturc 111 cquatton 5.1 rcsults in an incrcasc of thc lopc X, 
cxpcrin1cntally obscrvcd dccrcastng dcpcndcncc in Fig. 5.13 should bc cotnpcnsatcd by 
an íncrease in the acttvation v o lun1c \ l . 
5. ·t.4.3. Micromechanisms of plastic deformation at ambient temperatures 
In order to study n1Ícron1cch3nisn1s oť plastic dcforn1ation at an1bient 
tetnperatures \VC used the strcss-strain curvcs tncasurcd at rt and at strain rate of 
E = 1.3xl 0-4 s _,. For diťfercnt initial tnicrostructurcs (Fig. 5.3) significant diťťcrenccs in 
the course of the strcss-strain curvcs wcrc obscrvcd as shown in Fig. 5.14a. Substantial 
diffcrcnccs indicatc changcs in thc obstaclc dcnsity hindcring n1otion of dislocations. It 
is expected that thc dislocation density in thc anncalcd spccin1en is lowcr than that in 
as-received specitncn. 
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1 O ~ • As rcccl\cd 
I 
1 o Anru:akJ 

















I 100 ' 
o -t-----·---,,....------,-----,--
• ÁS ICCCIVj 
~ L-~alcd ; 
0.00 0.05 0.10 o 15 0.20 0_25 100 150 200 250 300 350 
t cr [MPa] 
. - 4 - 1 
Fig. 5.1 4a,b: a) True stres s - true strain curves ar rt crnd E == 1.3x 1 O s _for two 
d~/Jerent initia/ rnicrostruc/ureS." as-rťceiveJ and annea/eJ (400 °C/2h). 
b) The dependence oj· hardening coe.fficient zJ ==der/dE on the true stres s a: 
Experimental results (circles) jitted by Lukac-Balik n1odel (eq. 5.2). 
In comparison with the <J(E) dependence for annealed alloy, as-received 
spectmen does not show so intensive strain hardening. Fiat shape of the cr(E) curves is a 
characteristic feature observed in the tnaterials previously subrnitted to the intensive 
deformatíon. Since a matcrial alrcady contains a high density of the obstacles (twins, 
dislocations, ... ) prior defonnation, its defect-accutnulation abilities are limited. Stress 
fields frotn these defects and mutual interaction of moving and sessile dislocations 
make a stra1ning more difficult. Moreover, twin boundaries may serve as effective 
barr1ers for moving dislocatíons. In order to support aur assumptions, cr(E) data were 
fitted with the help ofLukac-Balik model 
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where A descri bes ob ·tac les o f non-dislocation type (grain boundaric · ~ t\vin 
boundaries, ... )~ B i s con ncctcd \VÍ tll obstac les o ť di s locat ion type, C dcscri bcs cross sl ip, 
D clin1b of dislocations and Oy ·hould bc oť thc san1c n1agnitude as thc yield stre ·s 0 02 . 
The constant A and Bare tcn1pcraturc indcpcndcnt. i\ dctailcd dcscription ofthe rnodel 
i s publishcd in [Lukac94 J. "fhc ap pl icatton o ť L.ukac-Balík tnodcl on cxpcrin1cntal data 
suppot1s our considcrattons. Due to con1plcxity oť thc AZ31 alloy and sin1plicity oť 
Lukac-Balik tnodcl, \Vhich Jcscribes dcforn1at1on bchav1our by rncans of fívc fitting 
parameters (A, 8, C, D and Oy). it is rca ·onablc to clucidatc títtcd rcsults only 
qualitattvcly, Tab. 5.3 and Fig.5.14b . Thc highcr \'aluc of cocffíclcnt ,\ for as-rcccivcd 
alloy in cotnparison with anncalcd onc favours thc strcss tíclds around grain boundarics 
and twins as a n1ajor hardening n1echanisn1 . In contrast, dislocations ·crvc as Jon1ínant 
obstacles in annealed alloy as indtcatcd by di ffcrenccs in cocfficicnt 8. Paran1ctcr ("1 i s 
practically thc satnc for both n1icrostructurcs. This indicatcs a sirnilar activity of thc 
cross lip in both specitnens. Clitnb of dislocatíons is ncgligible at rt and thus a low 
value of D pararneter connected with di ffusion processes can be accepted. Lower value 
of R in Tab. 5.3 for as-rccctvcd alloy rnay bc a conscqucncc of non-cqui I ibriurn statc. 




[MPa] [MPa-2] [MP a] [1\1Pa] [MPa-] [MP a] 
As-rcccivcd 212-+-18 338+5 21+1 131000 5.2c-5 8 1 .2c- 1 1 218 0.98 
i\nnealed 151+2 308+1 26+1 31500 1978 10 3.3e-5 132 0.998 
Tab. 5.3: Characteristic stresses ( 6rJ2, a;nox) and elongation to .fracture A0 .for 
j~pecimens dejorrned at rt ( Ě = 1.3x I O -4 s - I) for two dijjerent initial nzicrostructures; A, 
B, C, D and ~· arejitting para1neters and R-values introduce a quality ofthe_fit. 
Similar procedure was performed on the as-received specimens 111 the 
temperature range from rt to 125 °C, Tab. 5.4 . At higher tetnperatures the 
microstructure may changc due to rccrystallization that is not ínvolved in the model. 
Therefore., 125 oc was selected as an upper fittíng limit. 
It can be seen that parameters C and D increase with increasíng temperaturc 
wh1ch IS consístent with the model. Temperature independence of the A and B is 
roughly fulfílled as well. A i s constant up to 100 oc but decrease at 125 oc and B i s 
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constant up to 50 oc. thcn dccrcascs and it is constant again. Sincc a corrclation 
coefficicnt R indicating qual i ty of thc fí t i s not high, thc fí ts 1nay onl y serve a s a support 
for the resul ts at 11. 
Tempera ture CJo2 ():na\ J\o A B c D Gy R 
[oCJ 
..., ..., 
[MPa] [MPaJ [o/oJ [Mra-] [MP a] [MPa--] [MPaJ 
rt: 212+1~ 33X+5 21+1 131000 ~ '") ... r-- . ..-c-.) R 1 . 2 c- 1 1 21R 0.9R 
50 202+7 3 16-1-3 33±2 112000 5.2c-5 1 o. l 2.0c-l 1 203 0.9R 
100 166+4 228+5 4g+1 130000 3.3c-5 23.X 5.5c-11 156 0.97 
125 13 I 167 52 51000 3.3c-5 28.6 2. 7c-l O 123 0.97 
Tab. 5.4: Characteristic stresse5; (CJrJl, 0',110 \) anci elongalion to .fi·aclure A0 jór as-
received specilnens de_jór1ned in the tenzJJeralure range rt-125 oc (Ě == 1.3x 1 O 4 s 1 ),·A, 
B, C, D and 0 · are .fi tting pararnctcrs anci R- valu es introclucc a qual i(v o_ť theji I . 
The elongation to fracturc at rt for as rcceived (A 0 == 21 <Yo) and anncalcd 
(Ao == 26o/o) spccimcns is unusual for Mg alloys and it is not possiblc to cxplain these 
values on ly by the activity of basa! dislocations or {1 O T 2} twinning. lt i s evident from 
pole figurcs (Figs. 5.2 and 5. 7) that oricntation of thc basa! plancs and {1 O T 2} twinning 
to the tensile axis is not appropriate for easy deformatíon. On the other hand, 
dislocations lying in pyramidal planes are oriented properly. But the critical resolved 
shear stress (CRSS) for the non-basal slip of Mg single crystals at room ten1perature 
was reportcd to bc much highcr ( "'-J 1 OOx ) than that for the basa I sl ip, c.g. [Stohr72, 
Akhtar69, Akhtar69a] . However, this value can be lowered e.g. by texture, by alloying 
and, in case of polycrystals, by stress fíelds coming from dislocation pile-ups at GBs. 
Indeed, Lukac [Lukac8l] put forward evidence that alloying modifics the CRSS ratio of 
the basal to the non-basal s lip . Similarly, Koike et al. [Koike03] showed that non-basal 
dislocations are much more actíve 111 the AZ31 alloy prepared by equal channel angular 
press1ng if deformed at rt . They determíned the CRSS ratio of the basal s lip to non-basal 
s lip to be of the two orders of magnítude lower than that of single crystals [Koike03]. 
Deformation simulations presented in the literature also assume much smaller value of 
the CRSS for rolled AZ31 than reported for single crystals, e.g. [Styczynski04, 
Agnew03 ]. It means that structural parameters and composition play an important role 
tn the activity of slip systems. The lower value of A0 for as received alloy in comparison 
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with anncalcd onc is likcly causcd by thc strcss conccntrations, which, on thc onc hand, 
may serve as a suppot1 for activity of non-basal slip systcn1, but on thc othcr hand can 
initialise the crack. 
It i s worth to notc ncgl igiblc dcviation of A0 from n1can valuc (two spccirr1cns 
tested for each 1111crostructure and/or tetnperature ), Tab. 5.4 . The elongation to fracture 
is, 111 general, very sensit1ve to the defccts (cavities. inclusions) introduced during 
production proccss. It is apparcnt that such insignificant dcviation rcfcrs about high 
quality of the n1aterial studied. 
5. 1.4.4. Ductility at high temperatures and superplasticity 
The effects of strain rate E and tempera ture T on plastic flow i s analysed in this 
scction. A partícular attcntíon ís dcdicatcd to thc ductility, which is a function of 
tcmpcraturc and initial strain ratc. It is shown that strain ratc and tcn1pcraturc strongly 
tnfluence neck-free deforn1atíon and microprocesses acting during plastic defonnation. 
Dctailcd n1icrostructural cvolution of thc rollcd AZ31 alloy cxposcd to thc 
tntluence of temperature is described in section 5.1.3. 1-lerein it is suffícient to tnention 
that as-received mlcrostructure undergo to the statíc recrystallizatton at T --->200 °C, 
thcrcby thc microstructurc duríng hcating to thc set tcmpcraturc is losing thc defccts 
(twtns, dislocations) accumulated in rolling. The grain size, however, remaíns more or 
less unchanged after complete recrystallization (Fig. 5.3, section 5.1.3). Strong texture, 
thc charactcrístic featurc of all wrought Mg alloys, is weakened upon static 
rccrystallization but do es not disappcar. It follo\vs that unfavourable orientation of basa I 
planes, \vhich are ahnost parallel to the tensile axis, is partially maintained at the 
begtnntng of the tensíle tests at hígher temperatures. 
Fig. 5.15 illustrates typ1cal plots oť the true stress a versus true strain E at higher 
homologous tcmperaturcs (at T > 0.5T111 , T m being mclting point of Mg) and at different 
1nit1al s tra in rates ( 1.3x l 0-4 to 4.5x 1 o-2 s-1 ). As strain rate decreases and/or tempera ture 
tncrcases the course of the cr(E) curves is gettíng flattened and the maximum stress cr max 
approaches yield stress cr02 . Thus, close values of both characteristic stresses indicate 
steady state tlow stress or, in other words, dynamic equilibrium between hardening and 
softening processes occurs . 
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Fig. 5.15: Characteristic tensile true stress-true strain curves at diJlerent initial 
strain rates and temperatures . . Note .flattening oj· the curves as strain rate decrease 
andlor te1nperature increase. 
While at 1.3x 1 o-4s-' O"o2 and O"max COlncide at and above 523 K~ their overlapping 
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Fig. 5.16: Maximum true stress (J'max and yie/d stress (J'o2 as a .fúnction of 
tenzperature r at 1.3xl0-4s"1 and 4.5xl0"2s" 1 [Jager04, Jager04a] . 
As po1nted above., a steady state t1ow stress at high temperatures indicates the 
dynatntc equtlibrium between hardeníng and softening but does not refer about strain 
accomtnodation mechanísms. Differences in the elongation to fracture A0 and plateau 
stress O"max índicate mtscellaneous micrornechanisms acting during plastic deformation 
and their sensitivity to the external conditions. Fig. 5.17a shows the temperature 
dependence of the elongation to fracture Ao. The higher the terr1perature the higher the 
ductdtty is observed. This ís cons1stent with the fact that softening processes, which are 
acuvated at hígher T, promote ductility. It is also observed that as strain rate decreases 
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ductility increascs. For furthcr elaboration it is useful to consider contribution of the 
failure region ( i.c. necking) to ovcrall elongation. Fig. 5.17b depicts necking Y as 
observed after defo1111ation. The values of Y were calculated by using the relation Y== 
sb/Sn-l, where Sb is a width of the uniaxially defon·ned part and Sn is a width (necking) 
near the fracture surfacc, sec insct in Fig. 5.17b. Thc sn values wcrc mcasured as close 
as possible to the fracture and the sb values were tneasured in the middle pa11 of the 
uniaxially defonned specitnen. Necking ts usually detemlined by the ratio of 
undcfortncd and dcformcd cross scctions but flat s ha pc of thc specimcns caus cd 
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fi'ig. 5.17b: Necking Y ajier fracture for different temperatures and initial strain 
rates. Neckzng was determinedfrom the width oj'specimen and computed according to 
the relatzon Y== sflsn-1. where sh and sn are uniaxially deformed and necked width, 
respectzvely, as sketched in the znset. 
difficulties wtth accurate determínatton of the spec1men thickness after deformation. 
The lower the number on y-axts the lower contributíon of necking and vice versa; 
hence, necking-free deformation indicates either abrupt fracture in the strain hardening 
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region or superplasticity~ in contrast .. necking ( i.c. high Y) i s o ne of the modes of ductile 
flow 1n materials deformcd in tcnsion ( Figs. 5.18 and 5.19). 
As it is sccn in Fig. 5.17a.,b , at an1bient tcn1pcratures, thc fracture occurs 
suddcnly in the strain hardcning region. Howcvcr, at tcn1pcraturcs ncar thc uppcr litnit 
of usability of AZ31 ( ----400 K) and at low s tra in rates ( < 1 o-3 s- 1 )., slight tendency to 
necking (Y'"'"' 1) can be seen. Note the local n1ax i ma of Y at 4 73 K for the a ll s tra in rates 
tested. The specific rcason for its occurrcncc ts undcr furthcr invcstigation but as the 
most probable seems to be the microstructure developtnent. This may be caused by 
recrystallizat1on, by the activtty of non-basal dislocations or by the change of 
defonnation n1cchanistn. At T > 523 K thc bchaviour strongly dcpcnds on thc strain ratc 
applied. Whilc at 1.3x 10-4 s- 1 and T == 673 K nccking-frcc dcfon11ation was obscrvcd and 
the elongation to fracture A0 reached 420°/o (Fig. 5.18), at a strain rate of 4.5x 1 o-2 s-1 
and T == 673 K needle-like necking was observed with A0 == 1 00°/o (Fig. 5.19) [Jager04, 
Jager04a]. The elongation to failure at É = 1.3xl 0-4 s -I and above 300 oc indicates 
superplastic behaviour, Fig. 5.18. It means that grain boundary sliding is the rate 
controlling process during superplastic flow accumulated by dislocation glide and/or 
di ffusion. 
Fracture 
J?ig. 5.18: Superplasticity ~~ AZ31 alloy at T == 400 oc and € == 1 .3x 1 O -4 s_, . 
Fig. 5.19 : Very ductile speczmen with needle-like necking deformed at 
. -2 -l 
T == 400 °C and E = 4 .5xl0 s . 
The stratn rate sensitiv1ty m calculated according to equation I .7a (section 1.2.5) 
1s shown as a function of the temperature in Fig. 5.20. Relatively low strain rate 
sens1tivity m at a strain rate ---1 o-2 s-' (Fig. 5.20) is not able to Hprotect" material against 
deformat1on 1nstabilities such as necking and this once initiated will further develop up 
. -4 -1 
to the failure. The m value at E = 1.3xl O s and T == 300 oc i s almost equal to 0.3, 
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which is believcd to be a m1nnnun1 valuc for the occurrence of superplasticity and 
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Fig. 5.20: Strain rate sensitivily' rn as a .function oj'the test ternperature T at two 
marked(v dijjerent s tra in rates indicated in .figure. Dashed line depicts "lilnit o,( SP ". 
The above results (Figs. 5.17b and 5.19) clearly indicate that necking is formed 
at high strain rates Ě and high tcmperaturcs T. Wray [Wray70] recognised that several 
active necks rnay forrn along the length of specimen at both lo\v and high strain rates. 
Unlike the tests at low strain rates, the high strain rate deformation involve unequal rate 
of grow of concurrently active necks, resulting in the final ascendancy of a single neck 
[Wray70]. Thereafter, deformat1on 1s concentrated to the necking regton and elsewhere 
111 the length gradually ceases as neck develops. Nevertheless, the exact onset of plastic 
In tabillty can be hardly discemed [Padmanabhan80 (p.22)] since it is hindered by the 
amount of overall strain attaíned in a deťormat1on beyond a slight maximum stress <Jmax 
(post-uniform elongation) . Hutchinson & Neale [Hutchinson77] showed that post-
unifonn elongation strongly depends on the strain rate sensitivity m; even negligible 
tncrease in m may result in a ductility enhancement of tens percent. Therefore, a 
"" ductility enhancement beyond crmax at higher strain rates ( r-J 1 o-.:.) and T > 573 K in Fig. 
5.15 may be correlated with the m value of about 0.1, which 1s not sufficient to prevent 
tnatertal frorn necking, but it ís enough to postpone failure. 
At relat1vely high stra1n rates --1 o-2 s- 1 and high temperatures, the matn 
contributton to the overall strain from graín boundary (GB) processes such as diffusion 
along GBs and GB sliding is not expected since they are generally characterized by high 
stra1n rate sens1tivtty m that often approaching one. Taking into account gratn stze of 
the matenal investigated, these processes may be typical for low deformation rates and 
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high T. Low strain ratc scnsítivity for Ě ---1 o-2 s-1 in Fig. 5.20 indicatcs rathcr frequcntly 
observed dislocatton n1echanistns (glide and/or clitnb ). On the other band~ it i s 
reasonable to expect that G 8 sl iding and di ffusion tnay operate concun·ently with 
motion of dislocations. 
A sufficient nun1ber of available slip systen1s n1ay significantly contribute to the 
hon1ogcncity and, thus, postponc a fracturc. Thc activíty of non-basal slip systcn1s 
accompanicd with rapid rccovcry at highcr hornologous T is csscntial to cxplain thc 
clongation to fracturc A0 ----1 OO o/o at f_ ----- 1 o-2 s-1. It i s spcculatcd in litcraturc [Stohr72, 
Obara73] that the activity of second-order pyratnidal slip systen1s with cotnponents 
{1122} and c+a Burgcrs vcctor with dircction (I 123) i s of primc importancc to insurc 
\ . 
arbitrary shapc changc dcsirablc for hornogcncous dcforn1ation sincc this type of slip 
can easily accotnmodate any strain along the c-ax i s. It may be seen fron1 Fig. 5.15 that 
de fo nn a ti on a t E ~ 1 O-2 s- 1 a n d T > 5 7 3 K r e q u i re s t h e a cti v i ty o f s u ffi c i e nt nu 111 ber o f 
slip systcn1s (bccausc A0 is rclativcly high) acting simultancously with rccovcry 
processes (because strain hardening is negligible). The activity oť the second order 
pyratn i dal s) ip systetns tnay Iead to the interaction between a and c+a dislocations . 
otnc dislocatíon rcactions rnay rcsult in annihilation of dislocations and, thcrcfore, to 
an tncrease in the elongat1on to failure. 
It has bccn dcmonstratcd that thc course of thc strcss-s train curvcs at clcvatcd 
temperatures ís very sensitive to the testing temperature and initial strain rate. In order 
to obtain a steady state flow stress, however, a decrease of the strain rate may be partly 
replaced by an tncrease of temperature and vice versa. But strain accotntnodation 
mcchanisms, homogcncity of plastíc dcfotmation, clongation to fracture A0 and stres s of 
the plateau <1111ax may signíficantly diffeL 
5.1.4.5. Constitutive ana/ysis at high temperatures 
ln the constituttve analysis, the effects of temperature T and strain rate E on 
tlow stress <1max were adequately expressed by the following equation [Mwembela97, 
Myshlyaev02] (see eq . 2.14 ín sectíon 2.2 and eq. 2.21 in section 2.2.2) 
5.3 
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where kx, n, a and Q are tnaterials constants. The activation energy Q of magnesium for 
GB diffusion and dislocation core diffusion is 92 kJ/n1ol and for lattice self-diffusion 
135 kJ /mol [Frost82 (p.44)]. A broad collcction of crccp rcsults has bccn corrclatcd with 
Q == 135 kJ/mol the act1vation energy for lattice sel f-diffusion of n1agnesiun1, e.g. 
[KassncrOO (p.16), Myshlyacv02, Shi94]. This valuc was uscd to fit cocfficicnt a in 
equation 5.3 by using of the ""solver'· routine in rv1s Ex cel. The procedure consists in a 
senes of iterattve least-squares analysis a1n1cd at the opti1nisation of data fit by a proper 
selcctíon of Q. Thc rcsults of thc fit are shown in Fig. 5.21 . 
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Fig. 5.21 : Cons!Ltutive analysis according to the equation 5.3 for Q== 135 kl/mol. 
Quality' oj.the fit expressed by a correlation coejjicient R, jitte{J a-values and exponent n 
are given in graphs. 
It IS readily seen from correlation coefficient R that the proposed dependence 
dcscrtbcs well (much better than [Mwembela97] for torsíon) experimental data but for 
the lowest stra111 rate . Deficiency in the fit at Ě = 1.3x 1 O -4 s _, follows from the scatter of 
potnts on the I i ne I ikely because defonnation consists of two regions: "conventional '' at 
tntermedtate temperatures and superplastíc at high temperatures. Taking into account 
stratn rate sensitivity m (Fig. 5.20) as a parameter separating both regions, we obtain 
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two ten1pcraturc intcrvals, which should bc solvcd scparatcly: T < 300 oc and 
T > 300 oc. It i s rcasonablc to cxpcct that these two rcgions are dcscribcd by diffcrcnt 
values of tnaterials paran1eters . Rectprocal values of the slope in Fig. 5.11 detennine 
exponent n 111 equation 5.3. It n1ay be seen that the exponent n is about 5 for all the 
strain ratcs É. According to Nich ct al. [Nieh97 (p.37)J~ Čadek (Cadck88 (p.l35~ 173)] 
and Sherby & Burke [Sherby68 (p.347)] this value cotTelates with climb-controlled 
creep. Recently, it has been poínted out by Kassner & Pérez-Prado [KassnerOO (p.12, 
30)] that thc exponent n in n1any alloys and pure mctals is about fivc ovcr a rclatively 
wide range of temperatures and strain-rates. In our case - tensile defon11ation at a 
constant crosshead speed - the cl in1b oť dislocations can also be collsidered a s a 
dcfonnation mcchanisn1 . 
It is ínteresting to fínd how equation 2. 15 describes the experinlelltal data given 
abovc. Thc exponent n fittcd with thc hclp of cquatíon 2.15 also supports thc valuc of n 
about 5. At tetnperatures 250 oc and 300 oc where quality of the fit i s rather high 
, 
( R .. >0.995) the exponent ll is 6.3 and 5.4, respectively. In general, the exponent n 
cotnputcd according to cquation 2. 15 monotonically dccrcascs from n == 6. 9 at 200 oc to 
ll == 3.3 at 400 oc but corrclation cocfficicnt at tcn1pcraturcs 200 °C, 350 oc and 400 oc 
1 
1s low ( R ~ <0.98 ). Thus, the results at these tetnperatures should be collsidered with 
sorne cautton . 
5. 1.4. 6. Deformation energy 
Thc cncrgy necessary to fracturc per unit volume (i.c. toughness Ut) tnay be 
calculated by using the following relatíon (see eq. 2.3 in section 2.1) 
5.4 
where F ts the loadíng force, s 1s defonnation length of the specimen (s c I o, 1 r ), 10 (Ir) 
ís 1n1tial (fractured) length and V0 is initial volume. 
The roughness Ur refers to work that is necessary for failure of the specimen at 
g1ven temperature and strain rate. A typícal dependence of Ut on the temperature for 
r = 1.3x 1 O-J s -I ts shown in Fig. 5.22 . 
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Fig. 5.22: Work necessary to ji·acture (i.e. the defornzation energy) per unit 
volume in the temperature range rt-400 oc calculated jrom eq. 5.4,· strain rate 
. - J - i 
E=1.3xl0 s . 
The dependence is not n1onotonous but shows maximum at l 00 oc and then 
gradually decreases. The maximum corresponds with the highest toughness. The 
toughness increases betwecn rt and l 00 oc because thc dccrease in the yield stress and 
the maximum stress i s ' 4overwhelmed" by increasing ductility. However, at T > 100 oc 
toughness ts gradually decreasing. The maxitnum in Fig. 5 .. 22 is accon1panied by the 
change of the course of stress-strain curves as can be seen in Fig. 5.23 . lf fracture 
occurs abruptly in the strain hardening region, then toughness increases. But as the 
tcmperature increases, softening processes operate, fracture is postponed beyond crmax 
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Fig. 5.23: True stress-true s tra in curves at t = 1.3xl o-3 s -I . 
It 1s therefore likely that maxtmum of the toughness i s observed at temperatures 
at which the onset of softening occurs. Releasing of the stress concentrations due to 
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softcning proccsses cnablc to delay thc onsct of crackíng. Howcvcr, ncar thc pcak 
toughncss thc softcning tnay be localizcd into thc cvolution of ncckcd region as 
indicated by Fig. 5.17b (section 5.1.4.4). Such softening n1ay be accon1tnodated by the 
progressive activi ty of non-basal dislocation gl i de. As early a s Bridgn1an [Bridgnlan44] 
pointcd out that thc stress conccntrations in thc nccking region are cxpcctcd to bc highcr 
than 111 the untaxtally defonned specin1en and, thu , enhanced dislocation activity in thi 
site can be tnore prone. ln othcr words, thc stress concentrations give arise to the Jnulti-
axial strcss ficlds, at which the CRSS for non-basal slip y tcn1 n1ay bc easily reached 
and may result in the observcd activity of soťtening processes. Ion et al. [Ion82] 
repotted about concentratton of defonnation in Mg-0.8wt.(Yo Al into the shear zanes for 
specin1ens defonned in con1pression. Con1plex processes in the vicinity of the shear 
zoncs rcsultcd in non-basal slip and twinning on various plancs. Sin1ilar bchaviour can 
be preferred in this alloy due to crystallographic anisotropy and strong texture. Activity 
of the slip in non-paraJlel planes can lead to the different dislocation reactions and 
cnablc their annihilation rcsulting in softcning. 
Similar rnaxima in U1(T) dependence were observed for all strain rates. The 
tcmpcraturcs Tu at which these maxin1a wcrc dctcctcd are shown as a function of thc 
inttial straín rates in Fig. 5.24 . The higher the strain rat c~ the higher the temperature 
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Fig. 5.24: Te1nperature Tu of tnaximum energy for different initial s tra in rates Ě . 
1ndicat1ng the maximum in toughness; that is the onset of softening on the stress-strain 
eur-ves. It 1s stressed, however, that softening may be (at least near the peak 
ten1perature) concentrated in the reg1on of localized strain. 
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5.2. AA6082 aluminium allo.)' 
5.2.1. Composition and properties 
Wrought aluminium alloy n1atching \Vith AA6082 was used in this study. 
Extruded bars with a twelve mtn in dian1eter \vere produced. A schetne of direct 
extrusion proccss is shown in Fig. 5.25 . Thc thcm1al trcatJncnt of as-cxtrudcd rods 
comprised annealing at 350 - 400 oc for 2 hours with subsequent cooling in the ftn11ace 
(cooling rate <50 °C/h) [VUK06]. The specin1ens have been supplied by Research 
Institute for Metals, Czcch Rcpublic [VUK06]. 
R~1 111 
I· xlrttd\..'d ha r 
Dlt\~c t 1un n ť I· x lru:-.10 n 
Fig. 5.25: Scheme o.f.direct extrusion process. 
Composition of AA6082 alloy ts summarised in Tab. 5.5. 6xxx series alloys 
represent materíal with medium strength and good formability [ASMAluminum94 
(p .61)] . This alloy belongs to the group of commercial alutninium alloys, in which 
re latíve volurne, chemical composition and morphology of structural constituents exert 
stgnificant ínfluence on íts useful properties. 
Element Si Fe Cu Mn Mg Cr Zn Se Zr 
Typical AA6082 0.7-1.3 0.5 0.1 0.4-1.0 0.6-1.2 0.25 0.20 
Alloy tn this study 0.79 0.16 0.068 0.88 0.93 0.12 0.033 
Tab. 5.5: Composition oj'AA6082 alloy and alloy used in this study [VUK06]; 
content zn vvt%. 
Silicon s1gnificantly tmproves casting characteristic whereas cooper decreases 
cast ability. On the other hand, copper substantially improves strength in both as-cast 
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and heat-trcated conditions. Iron in1provcs casting proccss but high concentration of 
iron is accotnpanied by decreased ductility. Manganese is nonnally considered an 
impurity in casting cotnpositions but offers some benefits in wrought alloys such us 
preventing grain grow and slowing recovery. Magnesiu1n is the basis for strength in 
heat trcatcd Al-Si alloys sincc hardcning phasc Mg2Si is formcd. Chron1iun1 is usually 
added in low concentrations to suppress grain grow tendencies by fom1ation of CrAl7. 
No stgn ificant technical benefits are obtained by the ad di ti on of z i ne to alu1niniun1. 
Accotnpanied by thc addition of coopcr and/or n1agncsium, howcvcr, zinc rcsults tn 
attractive heat-treatable or naturally aging compositions [ASMAlunlinutn94 (p.91 )]. 
Considering all aluminium alloys, thc strcngth is not as high as 2xxx and 7xxx 
series alloys [ASMAluminum94 (p.61 )]. In automotive industry, the heat-treatable 6xxx 
alloys are preferred for outer panel applicattons whereas the highly fonnable 5xxx 
alloys are used mostly for inner panel applications [MillerOO] . AA6082 i s appreciated 
for vcry good corrosion resistance, vcry good wcldability (lowcrcd strcngth valucs in 
the zone of welding), good machinability, good cold fo11nability in T4 temper and 
medium high fatigue strength [EAAO 1]. AA6082 alloy offers strength somewhat higher 
than comn1on AA6061 [EAAO 1] . 
5.2.2. Microstructure 
Fig 5.26 shows as-received mtcrostructure of the AA6082 alloy in the plane 
parallel with exttusion direction. A weak contrast of grain boundaries is caused by slow 
cooling rate after annealing that results in overaging of the alloy [VUK06]. Elongated 
gra ins in Fig.5.26 are a consequence of ex trus ion process. 
. ,. 
~· .. . 
Fig.5.26: As-recezved mzcrostructure ofthe AA6082 alloy. Extrusion direction is 
vertica/. Light microscopy, etched [VUK06}. 
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Alutninium alloys AA6xxx contain a largc volume fraction of various 
intermetallic partie les ( typically 1 °/o) wi th si z es typically ranging between 1 and l O J.!m. 
These coarse partie les havc a dircct cffect on fon11ability. Thc cxact composition of the 
alloy and the casting condition will directly influence the selection and volume fraction 
of intermctallics phascs [ShaO 1]. Thc most typical are thc platc-likc ~-Al 5FcSi partie les 
and the rounded a-A1 12(Fe,Mn)3Si particles [Lassance07 (p.65)]. 
Alloys tn the 6xxx series contain Si and Mg approxin1ately in the proportions 
(see Tab. 5.5) rcquircd for fonnation of n1agncsiu1n silicide (Mg2Si), thus making them 
heat-treatable [ASMAluminum94 (p.l8, 44)]. Alloys may be formed in the T4 temper 
(solution heat-treated but not precipitation heat-treated) and strengthened after fortning 
by precipitation heat-trcatmcnt (T6 tetnpcr) . 
Distributton of the intermetallic phases i s shown in Fig.5.27. 
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Fig.5.27: As-received microstructure f!f. the AA6082 alloy showing distribul ion 
oj'íntermetallic phases. Micrograph is taken in the plane perpendicular to the extrusion 
direction. Light microscopy [VUK06} . 
While relatively a lot of data ís available on microstructure and microstructure 
evolutíon 111 6xxx series alloys, limited amount of data seems to be published on the 
defonnation behaviour of AA6082 alloy. Therefore, following sections deal with 
deformation analysis . 
5.2.3. Deformation behaviour- cr(E) curves 
Cylindrical specimens for tensile tests, 5 mm in diameter with a gauge length of 
30 n1m, were machined from annealed rods by [VUK06]. The true stress - true strain 
curves measured at different temperatures and at a stratn rate of Ě = 10-3 s -J are shown 
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in Fig. 5.28 . Up to 200 oc strong hardcning is obscrvcd, and at and abovc 250 oc stcady 
statc flow stres s prcvai 1. Tbc cffcct of s tra in ratc on thc truc strcss-truc s tra in curvcs of 
Ai\6082 alloy at 400 oc is shown in Fig. 5.29. As expected, the higher the strain rate 
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Fig. 5.28: True stress - true strain curves tested over a ran(.~e a_f· temperatures 
. - 1 - 1 
frorn rt to 500 oc and at strain rate E = 10 s . 
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Fig. 5.29: Typical true .. s'lress - true strain curves at T == 400 oc and at diflerent 
strain rates. 
The steady state flow stress observed at elevated temperatures indicates dynarnic 
cquilibrium between hardening and softening processes. Spígarelli et al. [Spigarelli03] 
analysed high-tempcrature plasticity of a heat-treated AA6082 aluminium alloy in 
torsron in a wide range of temperatures and strain rates. The alloy was solution treated 
at 530 oc for 2 h, and then aged for 24 h at the temperature selected for the torsion test. 
They suggest that, as in many others Al-based alloys, the high temperature deformation 
oť the AA6082 with a stable dispersi on of precipitates, i s recovery-controlled. 
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The temperature dependences of the yield stress cr02 and the maxunutn stress 
crmax for spccin1ens deformcd at € = 10-3 s -! are shown in Fig. 5.30a. Mechanical 
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Fig. 5.30a: Yield stress <Jo2 and rnaxunum stress 6max as a júnction o.f 
. -3 -1 
ten,zperature T at E = 1 O s . 
sharply decrease with increasing temperature . Close values of the both characteristic 
·tresses at and above 250 oc indicate dynamic equilibriun1 between hardening and 
'Oftcning proccsses and, as already mentioned, this may bc observed on the cr(E) curves 
as a steady state flow stress. The effect of strain ratc on a 02 and crmax for specimcns 
defo rmed at 300, 400 and 500 oc ís shown in Fig. 5.30b. An increase in strain rate at 
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Fig. 5.30b: Yield stress ao2 and maximum stress 6max as a .function o.f strain rate 
E at 300, 400 and 500 °C. 
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sclected tempcraturc causcs gradual incrcasing of thc both strcsscs. A higher scnsitivity 
of thc both stresscs to thc s tra in ratcs i s obscrvcd for lowcr s tra in ratcs. 
5.2.4. Ductility and necking 
Fig. 5.31 shows thc clongation to failurc A0 for all tctnpcraturc and strain ratcs 
tested . Up to 200 °C failure occur at -----20°/t) and then increases with an increase of the 
ten1perature. Jnsensitivity of the A 0 to the test ten1perature up to 200 oc i s in accordance 
with mechanical stability of the yield stress cr02 . The strain rate dependence of A0 was 
not obscrved but for Ě = 1 O -~1 s - I . Thc h1ghcst clongation (Ao'"" i 00°/o) was obtaincd at 
T == 500 oc and at Ě = l O -4 s -J . This n1ay indicate additional deformation process acting 
at the lowest stratn rate that contributes to postpone failure. 
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Fig. 5.31 : Elongation to j 'racture A o versus tempera ture at d~fferent strain rates 
E as depicted in jigure. 
The necking was measured in the same way as described in section 5.1.4.4. The 
. - 2 - 1 
necking was obvious at all temperatures, most markedly at T == 400 oc and € = 1 O s . 
It 1s worth to mention that up to 300 oc necking seems to be insensitive to the strain rate 
range tested (Fig. 5.32). 
Thts alloy shows rather moderate ductility at elevated temperatures. Even at the 
hlghest temperatures ( --500 °C) and the lowest strain rates ( _, 1 o-4 s-l ) the ductility is less 
than 1 00°/o. One of the possible reasons may be unstable structure such as grain 
coarsening at high temperattires . Lee et al. [Lee02] studied the influence of scandium 
and zirconium on the mtcrostructural stability and superplastic behavtour in Al-3°/oMg 
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Fig. 5.32: Necking Y ajier .fracture for d{fferent tenlJJeratures and initial s tra in 
rates E. Measurenzent o( the necking is sketched in the inset o.ť Fig. 5.17b (section 
5.1.4. 4). The lower the nzonber on .v-axis the lower contrihution o.f.the necking and vice 
versa. 
alloy. Right these two elernents (Zr and Se) have not been deteeted in this alloy (Tab. 
5.5) . Lee ct al. pointed out that Se and Zr addition play a eritical role by providing 
preeipitates~ whieh impede grain growth at elevated temperatures and, thus., enable 
superplasticity. At the highest temperatures ( '"'-J500°C) the both elements were needed to 
stabilize microstructure by fonnatlon of Al 3(ZrxSc 1_x) prccipitatcs [Lec02]. Cherry & 
Leo [Cherry05] studied the effect of Se and Zr on the n1icrosttucture and precipitation 
strengthening in the AA6082 alloy subj ected to the intensi ve deformation. While 
arttfic1al aging in extruded AA6082 alloy with Se and Zr addition led to the significant 
1ncrease tn hardness due to precipitatcs, artificial aging in the material after ECAP 
elther exhib1ts a decrease in hardness with time (at higher aging temperatures) or 
rematns almost constant (at lower aging temperatures). Cherry & Leo attributed such 
behaviour to the softening of the matrix (such as recovery or recrystallization) that 
could oecur dur1ng annealing of the severely strained microstructure. 
Regarding the composition of the alloy studied, low ductility at ambient 
temperatures may be due to the formation of intermetallic compounds (section 5.2 .2). 
Lassance et al. [Lassance07 (p.65)] reported that the brittle, monoclinic P-A15FeSi 
phase, which 1s insoluble dur1ng solutton beat treatment, is associated with poor 
workabi I i ty. Moreover, datnage during deformation ínitiates by decohes1on or fracture 
of these 1nclus1ons. Uniaxial tensile tests performed on two aluminium alloys wherein 
the content in p versus a particles was systematically varying revealed that the ductility 
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increases \Vith decreasing amount of 0 partie les, increasing ten1perature and strain rates 
[Lassancc07 (p.62)]. Thus, thc resistance to ťracturc dcpcnds dircctly on thc naturc, 
shape, distribution and volun1e fraction of the second phase particles. 
In sítu tensile tests revealed that, at an1bient ten1perature., the a particles and the 
~ particles oriented with the long axis perpendicular to the n1ain loading direction 
undergo interťace decohesion, while the ~ pat1icles oriented perpendicular to the loading 
dircction brcak into scvcral fragn1cnts. At high tcn1pcraturcs, only intcrfacc dccohcsion 
is observed [Lassance07 (p.62)] . 
Thc ncgativc cffcct of thc ~-Al5 FcSi particlcs can bc allcviatcd by a long 
homogenisation heat treatment at a sufficiently high temperature. During this process 
thc ~-Al5 FcSi phasc transforn1s into thc n1orc roundcd n1cta-stablc cubic a-
Ai l2(Fc,Mn)3Si phasc or tnto thc cquilibriun1 hcxagonal a' phasc [Kuijpcrs02, 
Lassance07 (p .65)]. On the other hand., S ha et al . [ShaO 1] pointed out that at higher 
growth vclocitics during dircctional solidification thc formation of a-AlFcSi phasc by 
the eutectic reaction domínates the phase selection. Therefore, it is likely that type of 
these phases depends tnaanly on the cooling rate and exact composítion . 
5.2.5. Stress as a function of temperature and strain rate 
Constitutive analysis was performed in a similar \vay as demonstrated in section 
5. I for AZ3 I magnesium alloy. Thc using of equation 2 .15 (or its modifications 2.16-
2.17) described in section 2.2 leads to the proportionality 
1 
ln(cr) ·--- . 
T 
Fig. 5.33 shows proposed dependence . It can be seen that qualitative course corresponds 
wtth Fig. 5.11 (sectíon 5 . 1.4 .1) for AZ31 magnesium alloy. For AA6082, however, the 
plateau ts observed up to ~200 oc followed by decreasing at higher temperatures . At 
about 200 oc thermally ac tivated phenomena start to influence the deformation process 
that begins to be very sensit1ve to the test temperature and ímposed strain rate . 
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Fig. 5.33: Logarithm ~~· a;nax as a .fitnction o,( T 1. The insel shows initial sira in 
rates used for de_forrnation. 
The plots of the maxirnutn stress, crmax, against the logarithm of the strain rate 
are shown in Fig. 5.34. Quality of the fit expressed by R-parameter in Fig. 5.34 shows 
that proposed dependence is in excellent agreement for the strain rates and the alloy 
tcsted. Since thc same quality of the fit was observcd for AZ31 magnesium alloy (Fig. 
5.12 ), it i s evident that the constitutive equation 2. 7 introduces a useful description of 
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Fig. 5.34: Dependence oj.the maximum stress on the strain rate (in logarithmic 
scale) at high temperatures. lnset indicates quality o.f the fit . 
the deformation behavtour in both alloys . The slape X of the regression curves in Fig. 
5.34 is shown in Fig. 5.35. The higher the temperature the lower the slope. According to 
the Arrhentus equation ( eq. 2.20 in section 2.2.1 ), the sl ope X may be expressed as a 
function of the activatton vol ume V 
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5.1 
The observed decrease of the slope wíth ten1perature n1ay be explained under 
assumption that the activation volun1c V incrcascs with incrcasing tcn1pcrature. But thc 
increase of V with temperature is expected because annihilation of dislocations occurs. 
Tt means that the distance between obstacles increases and therefore the activation 
volun1c increascs, too. It is worth to n1cntion that dccreasing dcpcndence was also 
observed for AZ31 magnesiutn alloy (section 5.1.4.2). For AA6082~ however, 
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Fig. 5.35: Slape o.f.the regression curves X in Fig. 5.34. 
It 1s well known that deformation at elevated temperatures for most rnetals and 
alloys often obey a power-law creep, 1.c. f oc crn with n frequently r-..J5, e.g. [KassnerOO 
(p.l2, 30)]. As po1nted out by e.g. Sherby & Burke [Sherby68 (p.360)], at higher stress 
levels the power law breaks down, and the dependence fulfils equation 2.7. Tndeed, this 
study tndicates that both AZ3l alloy and AA6082 alloy are described very well by 
equatton 2. 7 for the test temperatures and imposed strain rates . 
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6. Conclusions and perspectives 
6.1. Conclusions 
Two con1tnercially available alloys have been studied in this work: AZ31 
rnagncsiu111 a11oy and AA6082 alun1iniun1 alloy. The n1ost in1portant re .. ults are 
summariscd a follows. 
It was shown for rol led AZ3/ nzagnesiunz a/for: 
• Stattc recrystallization took place at ten1peratures above 150 °C. Twins play 
vcry important role during rccrystallization and serve as nuclcation sitcs and fas t 
growing paths. 
• AZ31 sheets prepared by rolling exhibit distinct texture. In this preferred 
onentation of the crystallites is the c-ax1s of n1any grains aln1ost perpendicular 
to the surťace and ( 1120) dircction i s parallc1 to thc roll ing dircction. Thc 
texture ís tnarkedly weakened by static recrystallization but partial preferred 
onentation ofthe c-axis ts stili evident. 
• AZ31 shccts show cnhanced ductility cven at room tcn1pcraturc (rt). Thc 
clongatíon to failurc about 21% for as-rccctvcd spccimcns and 26°/o for 
recrystallized specimens were observed. 
• The yteld strength cr02 for as-recetved alloy is about 220 MPa at rt and decreases 
\VIth 
. . 
tncreastng tetnperature. Recrystallízed alloy shows a02 about 
130 MPa at rt. 
• Rclatíon crmax --- ln É fits vcry well the deformation behaviour at elevated 
te1nperatures (T > 200 °C). 
~fhe model of Lukac and Balik provídes reasonable description of the 
rntcromcchanisms of plastlc deformation at rt. 
The te1nperaturc dependence of the toughness at all strain rates show maxima. 
These maxtma are strain rate sensitive. The higher the strain rate the higher the 
temperature at which toughness maximum is observed. 
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• uperplasttcity was tdenti fíed at the lowest s tra in rate É == 1.3x 1 O -4 s- l and the 
highcst tcn1pcraturcs (T > 300 °C). Thc clongation to failurc rcachcd 420°/o at 
T == 400 oc and m == 0.7. 
• The shape of the stress-strain curYc · is very sensitive to the testing ten1perature 
and initial stratn ratc . 
l'he defo1111ation behaviour of extruded .4A 6082 alunziniunz a/lov was 
invcstigatcd at diffcrcnt tcn1pcraturcs and at diffcrcnt stratn ratcs. It can bc concludcd: 
• A stgnificant hardcntng ts obscrvcd bcllow 200 oc. 8oth charactcristic strcsscs 
(ao2, O'max) show rnoderate sensitivity to the strain rate. 
• Thc clongation to fracturc A0 sccn1s to bc inscnsitivc to thc straín ratc 111 thc 
l 0-3 l o-1 -I b .{:' . l o-4 -I ran g e - s u t to r E == s . 
• The elongation to fracture A0 ís rough 1 y constant (---- 20°1<>) up to 200 oc and then 
gradually 1ncrcascs. Thc highcst clongation (Ao ---1 00°/o) was obta1ncd at 
T == 5 00 o C a n d a t É == 1 O -4 s -I . 
• Necktng was developed at all temperatures, anost anarkedly at T == 400 oc and 
Ě == 1 o-2 s-1• Up to 300 oc the necking seems to be insensitive to the strain rate. 
• Relation a max - .- ln Ě fi ts very well the deformation behaviour at elevated 
tetnperatures cr > 200 °C) . 
6.2. Persf?ectives 
Magnesíum and aluminium alloys are often considered to be a promts1ng 
tnatcrial duc to a superior strength/density ratio. For example, in the transport industry 
they can replace Fe alloys and, thus, reduce fuel consumption by the weight reduction. 
In general, ltght alloys are very attractíve structural 1naterials for applications where 
cnvtronmcntal protcction plays essential role. Therefore, it is of interest to ínvestigate 
m1crostructure and íts changcs during plastic deformation (PD) because it helps to 
understand the na ture of solute effect and processes takíng place during PD. 
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Currcntly~ a lot of rc carch cffort ís dcdicatcd to thc grain rcfincn1cnt that is 
followcd by n1icrostructural analysis and PO charactcrisation of thc grain-rcfincd 
material. Easily scalable "'Severe plastic defor111ation'' n1ethods such as ARB and ECAP 
offer powerful tools to obtatn very fine structures in relatively sufficicnt an1ount. The 
ma1n motivation for gratn rcfinctncnt follo\vs fron1 in1provcd propt:rtics such us 
increased strength and enhanced ductility . 
It ts nccessary to furthcr in1provc a ductility of tnagncsium alloys by introducing 
of new con1positions and thern1omechanical treattnents at sustainable production costs. 
Jt i s evident that frotn ''ducti I i ty" point of view hcp structures ren1ains always inferior to 
fcc n1ctals. Howcvcr., up-to-datc rcsul ts indícatc that thcrc are sornc ways to ovcrcon1c 
limitcd ductility of Mg alloy. The knowlcdgc of dislocation mcchanisms togcther with 
the influence of alloytng on non-basal s lip activity would be appreciated in this effot1. 
Crcep resistance is a major requírcn1cnt for high tcmperaturc applications of 
magnesiun1 alloys (up to 300 °C). The developtnent is airned at replacing RE additions 
to n1agnesíurn wi th other elen1ents . Most pron1ising elernents for new creep resistant 
alloys sccm to bc strontiun1 and calciun1. As a result various alloys havc bccn 
1ntroduced and thoroughly studied., e.g. AX51 (Mg-Al-Ca) and AJ 51 (Mg-Al-Sr) . 
An improvcmcnt of thc corrosíon resistance without cnorn1ous incrcasc of the 
production co st ts o ne of the tnain targets of magnesium research nowadays . 
Alurn1niun1 ís versatilc metal that is able to form glasses, crystallinc solids and 
even quasicrystals [InoueOO]. Recently, Hbulk" single Al-based icosahedral 
quastcrystals were repot1ed, e.g. [Y okoyatnaOO, GraberOO] . It i s anticipated that 
forn1ation of the quaicrystals may result tn new applications . As for all matcrials, 
systen1atic tmproving of the propct1ies (yicld point, superplasticity) i s desirable. 
Due to the development of new alloys it is important to study the relation 
bctwccn mtcrostructure, composítion and properties. The mícromechanisms taking 
place during plastic defom1atíon should be prtmarily investigated on binary and ternary 
allo;-'s varying tn co1npositton and thennotnechanical treatment sínce a better 
undcrstandtng of the tnfluence of alloyíng elements can be achieved. Commercially 
avadable alloys contain rarely less than three alloying elements; this make a detailed 
analys•s of mtcromechantsms on --atomic level" infeasible. In this regard, study of the 
solid solution hardeníng in single crystals may inject important insight into the problem. 
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